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Abstract

Only scarce information is available that can be used to assess the importance of predation on the de-
velopmental success of early life stages of cod in the Baltic Sea. Among all possible predators, the two
commercially utilized pelagic species, herring and sprat, appear to have the highest potential as predators
of the early pelagic stages of cod in the central Baltic, and their effect on the cod stock may be important
with regard to the fishery management in this area. In recent years, successful reproduction of cod in the
Baltic proper has been restricted by the hydrographic conditions to the Bornholm Basin. Concentrating
on this area, the present report summarizes new results from stomach content analysis for herring and
sprat during the cod spawning seasons 1987-1991. The results are used to obtain preliminary estimates
on the consumption of early life stages of cod in this area. Larvae and 0-group cod appear not to be sub-
stantially affected by predation, whereas the eggs were found to be more heavily preyed upon, especially
by sprat in spring. The daily egg consumption, calculated for the entire sprat population in the central
Bornholm Basin, ranged from 90% to well above 100% of the standing stock of cod eggs during spring
dates. In summer, consumption estimates remained well below corresponding standing stock or produc-
tion values. Herring appeared to be generally less important as a predator due to a smaller population
size in this area. The importance of predation on eggs for the recruitment success of cod in the central
Baltic is discussed in relation to the hydrographic conditions. Implications for future research activities
are highlighted in connection to process orientated recruitment studies and multispecies modelling.
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Introduction

During the last decade predation has been discussed as a major factor controlling
recruitment of marine fish species (e.g. Hunter 1984, Sissenwine 1984). However,
field studies that have been designed adequately for estimating predation mortalities
of early life history stages are scarce. Bailey & Houde (1987) suggested that method-
ological problems are responsible for the limited success in this area, and these are
mainly related to:

1. identifying eggs and larvae in predator guts;

2. quantifying prey consumed by each predator;

3. estimating abundances of predators;

4. estimating the number of eggs and larvae available as prey.

In general a wide spectrum of organisms may be considered as potential predators
for the early life stages of marine fish species. However, in the central Baltic the
predator field appears to be restricted, and for the purpose of an integrated fisheries
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management, the most important processes are considered to be interactions among
commercially important species. The reproductive success of cod in the central
Baltic has decreased continuously during the last decade. The decreasing stock size
of the predatory cod is related to increased stocks of herring and sprat since 1987
(Anon. 1993a). Thus, predation by herring and sprat on the early life stages of cod
may be especially important at present in this area.

Predation on early life stages of cod by herring and sprat has been reported fre-
quently for the North Sea area (Daan 1976, Garrod & Harding 1981, Pommeranz
1981, Hopkins 1988). A first attempt to quantify this effect was made by Daan et
al. (1985). They estimated that herring consumed 0.04-0.19% of the total egg pro-
duction of cod in the North Sea. Also, a considerable number of herring and sprat
stomachs have been analysed from the Baltic Sea, but no field study has concen-
trated on spawning areas of cod during spawning time and, consequently, no rele-
vant information is available for comparison.

In cod spawning areas, the salinity is usually sufficient to keep the eggs floating in
the surface layers. However, in the central Baltic cod eggs occur exclusively in the in-
termediate and bottom water, concentrating in a narrow depth range within and
below the halocline (Miiller & Pommeranz 1984, Wieland 1988). Therefore they are
available as prey in relatively dense aggregations. When herring and sprat stay close
to the bottom or above the oxygen-depleted bottom water during daytime, they might
consume a substantially greater number of cod eggs in this area than estimated for the
North Sea by Daan et al. (198S5). Furthermore, there are differences in the timing and
the extension of the spawning, i.e. mainly February in the North Sea (Daan 1979) and
March to August in the Baltic Sea (Miiller & Bagge 1984). Thus, considerable devi-
ations in the feeding intensity and prey selection by herring and sprat can be expected
from differences in the available food concentrations during the cod spawning season.

In the Baltic Sea, the predation by herring and sprat on fish eggs has frequently
been observed (Hinrichs 1985, 1986). These observations refer to the Arkona and
Bornholm Basin as well as to the southern Gotland Sea and cover the period
May/June 1980-83. Also Popiel (1951) and Lohmeyer & Hempel (1977) found con-
siderable amounts of fish eggs ingested by herring from the Slupsk Furrow in May
1949 and the Kiel Bight in January/February 1976. Fish larvae were found only oc-
casionally and in small numbers in stomachs of herring. They were identified as
sprat and rockling. Small fish, mostly gobiids, were much more abundant, but no
0-group cod has been reported from the conducted stomach content analysis (Popiel
1951, Lohmeyer & Hempel 1976). In sprat stomachs both fish larvae and small fish
were virtually absent. Analysis of stomach contents by Shvetsov & Starodub
(1986), Starodub et al. (1992) and Zatachowski et al. (1975) confirmed the low im-
portance of fish and macrozooplankton as prey of sprat, probably due to the size
range of these organisms being above the optimum for prey of sprat.

In summary, the available literature suggests that predation by both herring and
sprat might have a substantial effect on cod egg survival, whereas the effects on lar-
vae and 0-group fish appear more restricted. New information is presented here
from a case study on the reproductive ecology of cod, allowing a first attempt to
test this hypothesis and to quantify the consumption of early life stages of cod by
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herring and sprat in the Bornholm Basin. Considering the methodological problems
stated by Bailey & Houde (1987), sampling of herring and sprat stomachs was con-
ducted together with an ichthyoplankton survey designed to describe the horizontal
and vertical distribution of early life stages of cod and to estimate mortality rates of
cod eggs in relation to the hydrographic regime (Wieland 1988, Wieland & Zuzarte
1991). Quantifying the number of early life stages of cod consumed by each individ-
ual predator, requires the estimation of gastric evacuation and daily consumption
rates (Bailey & Houde 1987). Two different approaches have been applied for com-
parison and methodological aspects related to their sensitivity are discussed below.
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Figure 1. Spawning and nursery areas of cod in the Baltic (from Bagge et al. 1993).

The analysis of stomach contents here concentrates mainly on the years 1988 and
1991. Due to the hydrographic situation in the central Baltic, the Bornholm Basin
(Figure 1) appears to be the only important spawning ground of cod in the central
Baltic since 1986 (Plikshs et al. 1993). However, in 1988 and 1991 the hydrogra-
phic conditions in the Bornholm Basin were obviously different. While 1988 was
included in the stagnation period of the last decade (Nehring & Matthdus 1991), a
small inflow in 1991 resulted in conditions more favourable for the cod egg devel-
opment (Bagge 1993)
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Material and methods

Stomach sampling

Sampling of stomachs of herring and sprat in the Bornholm Basin was carried out
on several cruises from March 1987 to August 1991. The fish were caught either
by bottom trawl in water depths of 60-85 m or by pelagic trawl at different depths
over 70-100 m. The daily vertical migration of herring and sprat dictated that the
bottom trawl was used during daytime only. Pelagic trawling was carried out close
to the bottom or above the oxygen-depleted bottom water during day and in the
upper part of the water column in 5-30 m depth during night. At dawn intermediate
depths of 20-60 m were chosen. On some cruises, especially in 1988, hauls were
made at a fixed position at different times of the day to determine the diurnal feeding
cycle of herring and sprat in relation to their vertical migration. On other cruises, es-
pecially in 1991, a greater part of the cod spawning area was covered in order to de-
scribe the spatial variability of predation. In view of an expected fast digestion of
ichthyoplankton, especially if small larvae had been ingested (Hunter & Kimbrell
1980), the duration of trawling and the handling time on deck was reduced as far as
possible, i.e. to 45-75 min. from catching to conservation. Stomachs of both predators
were collected according to a length stratified sampling scheme. The samples were
fixed and preserved using a 8% formaldehyde/seawater solution buffered with borax.

Stomach content analysis

The amount of food in the stomachs was determined by weighing the stomachs
before and after emptying. The number of eggs and larvae as well as fish in the stom-
achs were determined from 10 stomachs per 2 and 1 cm length class for herring and
sprat, respectively. The eggs, larvae and fish were identified to species as far as poss-
ible. Fish eggs were classified into six different developmental stages according to
Thompson & Riley (1981). The remaining stomach content was differentiated into
major taxonomic groups. These prey groups were quantified as wet weight by esti-
mating the proportion they contributed to the total volume of the stomach content.
Arithmetic mean numbers of eggs, larvae and fish as well as weights of all major
prey groups were derived for each cruise by computing total averages over all length
classes, weighted by the proportion of each length class in the overall length distri-
bution of herring and sprat during the cruise. The mean number of unidentified eggs
was allocated to species according to the species composition of identified eggs.
Only stomachs sampled between sunrise and sunset, i.e. the daily feeding period,
were taken into consideration. However, for larvae and fish in the stomachs of both
predators average numbers were also calculated from night- time samples for com-
parison. This is of special interest because larvae and 0-group fish are mainly dis-
tributed in the upper 50 m water column (Wieland & Zuzarte 1991), where herring
and sprat stay only during night-time.

Daily consumption of cod eggs
On the basis of repeated 24-h sampling, the diurnal feeding cycle was described and
the main feeding period was determined. From the reduction in the average stomach
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contents during night and within special deck-tank experiments (Koster et al.

1990), evacuation rates of fish eggs were estimated by two different approaches:
The first method assumes that the instantaneous evacuation rate of eggs in num-

bers (dS/dt) is a power function of the instantaneous stomach content of eggs (S)

dS/dt =-R-SB

This general model with R and B as constants has been suggested by Tyler (1970)
and Jones (1974) for total stomach contents in terms of weight. By applying it to
the fraction of eggs it is assumed that the evacuation rate of fish eggs is not influ-
enced by the amount and composition of other food in the stomach and that the
evacuation of cod eggs is not significantly different from other fish eggs. Instan-
taneous evacuation rates were estimated as the difference in gut content (median
number of eggs) between successive samples. Estimates of the constants B and R
were then obtained by linear regression of In-transformed evacuation rates on the
In-transformed mean stomach contents of the corresponding intervals (Temming &
Koster 1990) The data sets employed for both predators were taken from all 24-h
sampling and tank experiments conducted (Table 1). To avoid a bias introduced by
an increasing number of zero observations (Olsen & Mullen 1986), only medians
greater than zero have been included in the estimation procedure. From the 24-h

Table 1. Number of 24-h surveys and deck-tank experiments utilized for the
estimation of evacuation rates of fish eggs by herring and sprat on basis of
Method 1 (number of eggs) and Method 2 (total stomach content in weight).

Method 1 Method 2
24-h Tank 24-h Tank
Species surveys experiments surveys experiments
Herring 1 3 4 6
Sprat ) 5 5 5

sampling, only periods with decreasing stomach contents were taken into consider-
ation. Due to a retarded digestion in the beginning of the deck-tank experiments,
data from the first interval have been excluded (Késter et al. 1990). According to
the low water temperature of 3.5-7.0°C in the intermediate and bottom water,
where herring and sprat are feeding during daytime, tank experiments were per-
formed from April to the beginning of June only. Nevertheless, similar to the 24-h
sampling, they refer to a wider temperature range of 4.4-14.0°C.

According to Pennington (19835) the feeding rate per hour (Fy,) can be estimated as:

Fo=R-SB+(S.-So)/ T
with

S:: average stomach content at the end of the feeding period
So: average stomach content at the beginning of the feeding period
T: duration of the feeding period
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SB was calculated by raising individual stomach contents from each sample to the
power of B, and averaging these values over the feeding period. As the samples were
more or less evenly distributed over time, no further weighting or subdividing into
smaller time sections was required. Setting Sy to zero at the start of feeding period
and calculating the total amount eaten per feeding period, the daily ration (Fr), was
estimated by:

Fr=R-SB-T+S,

The stomach content at the end of the feeding period (S,) was set to be equal to the
average stomach content over the feeding period, assuming no significant general
trend after a first short period of increase.

The second method applied is based on the the same general model of gastric
evacuation and all subsequent computation steps are similar, with the exception
that the total stomach content in terms of weight has been used. Based on daily
rations of total food intake (F,), daily rations of fish eggs (F.) were derived by
assuming the same ratio between food intake and average stomach content for eggs
in numbers as for total food in weight:

F.=S.-F,/S,
with

Se: average number of fish eggs per stomach
F,: daily ration of total food in g
Sa: average stomach content in g

The estimates derived by this procedure are based on the results from the same 24-
h sampling period and deck-tank experiments as mentioned above. For herring,
additional 24-h sampling and tank experiments were included, which were carried
out mainly in times without any fish eggs in the plankton (Table 1). As a final step,
the daily ration of cod eggs ingested was calculated on the basis of daily rations of
fish eggs in total and the proportion of cod eggs within the total number of fish eggs.

Herring and sprat population sizes in the cod spawning area
The sizes of the herring and sprat populations in subdivision 25 were determined
by VPA on the basis of catch at age in numbers reported by the different countries
participating in the fishery. Values for natural mortality were taken from Anon.
(1993a). Tuning of the VPA was performed according to Laurec-Shepherd using
stock estimates derived by the annual hydroacoustic surveys in subdivision 25.
Monthly population sizes (ages 1+) were calculated, by assuming an equal distribu-
tion of fishing and natural mortality over the year.

Hydroacoustic surveys were conducted in subdivision 25 in May/June 1979-86
(5 cruises by GDR, USSR and Poland) and July/August 1981-88 (4 cruises by
Poland and Sweden). The results were broken down to ICES statistical rectangles.
These results were used to estimate the proportion of the total stocks concentrated
in the central Bornholm Basin, i.e. the area within the 80-m depth contour (Figure
2). Due to a lack of hydroacoustic data in March and April, the spawning period
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of the spring spawning herring, the population sizes in numbers were determined
by using the May/June values. They were corrected according to the difference in
the average CPUE values from pelagic trawl hauls performed for stomach sampling
in April compared to May/June 1990-93. Sprat is concentrated in the Bornholm
Basin during its spawning season from March to July (Anon. 1992). Therefore the
mean percentage for May/June was also applied for March/April. This is consistent
with highest CPUE-values found on the southern slope of the Bornholm Basin dur-
ing the Polish young fish surveys in March (Grygiel 1990) and with the CPUE-
values from the pelagic trawl surveys conducted. A detailed description of the per-
formed VPA and the splitting according to hydroacoustic and CPUE data is given
in Anon. (1994).

Daily consumption compared to daily production of cod eggs

The total daily consumption of cod eggs in the central Bornholm Basin was calcu-
lated from individual consumption rates determined for herring and sprat by the
second method, and from the size of the predator populations in the area derived
by VPA. Only those cruises covering the central Bornholm Basin adequately were
considered, i.e. July 1988 for herring, June 1990 and April, May, July and August
1991 for both predators.

The daily consumption is compared to the available standing stock of cod eggs
and to preliminary estimates of the daily egg production derived from the ichthyo-
plankton surveys in the same period. The plankton was sampled in a standard
station grid (Figure 2) using bongo nets of 0.3 and 0.5 mm mesh size in double
oblique tows covering the entire water column. The daily production was calculated
by dividing the abundance of the youngest egg stage IA (including non fertilized
eggs) by the corresponding stage duration derived from incubation experiments at
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Table 2. Cod eggs standing stock (all stages and stage [A) in the central Born-
holm Basin, mean temperature in water layers with maximum numbers of cod
eggs and corresponding duration of egg stage IA according to Wieland et al.
(1994), daily production of egg stage IA assuming a mortality of 0.09 per day
within the egg stage IA (Wieland 1987)

Standing stock Stage Daily

Total IA Temperature, duration, production,
Month/year (10%) (10°) °C days (10%)
July 1988 132.4 73.5 5.7 2.57 325
June 1990 95.8 55.8 6.3 2.27 27.7
April 1991 97.7 60.9 4.5 3.30 22.6
May 1991 129.3 86.7 4.5 3.30 31.7
July 1991* 292.8 1426 5.9 2.47 65.4
August 1991**  156.3 72.3 5.9 2.47 324

* average values from two ichthyoplankton surveys.
** mean temperature from the following and preceding month.

different temperatures (Wieland et al. 1994). Mean in situ temperatures (Table 2)
were taken from water layers, where maximum numbers of cod eggs occurred during
the cruise (Wieland, unpubl.). As a correction for mortality within the egg stage IA, a
preliminary estimate of the mortality between stage [A and IB derived by the constant
birth method (Wieland 1987) was applied to the corresponding half stage duration.

Larvae and fish in the stomachs of herring and sprat

in other areas of the central Baltic

As larvae and 0-group cod are expected to drift out of the study area thus the role
of predation on these stages may be underestimated when restricted to the
Bornholm Basin only. Therefore stomach contents of herring and sprat from other
areas of the central Baltic have also been checked using information from the
Latvian and the Estonian Fisheries Research Institute to the international database
on herring and sprat stomach contents. On most of a total of 362 and 718 stations
covered by the two countries in subdivisions 26, 28 and 29, stomach sampling was
conducted by mid-water trawls covering a depths range of 0-230 m. As abundances
of prey items are not given in the data sets, the analysis was carried out using only
the percentages of occurrence of larvae and small fish per stomach and quarter, av-
eraged over the time period 1977-1991.

Results

Diurnal feeding cycle

Results from several 24-h sampling periods combined are summarized in Figures 3
& 4. The average stomach content in weight and the corresponding mean number
of fish eggs found in the stomachs at different times of the day are expressed as
percentage deviation from the average stomach content over the whole 24-h period.
The percentages increase after sunrise and decrease after sunset. Thus the feeding
activity of herring and sprat is clearly related to the daylight and the feeding period
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Figure 3. Herring stomach content: Diurnal variation in average total weight of stomach content (A) and
number of fish eggs per stomach (B). Values are given from samples obtained during four (A) and one
(B) 24-h survey, expressed as percentage deviation from corresponding 24-h mean.
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Figure 4. Sprat stomach content: Diurnal variation in average total weight of stomach content (A) and
number of fish eggs per stomach (B). Values are given from samples obtained during five 24-h surveys,
expressed as percentage deviation from corresponding 24-h mean.
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may be defined as hours with daylight. This is confirmed by an increase in the
average degree of digestion from early morning until late night. However, at the be-
ginning of the feeding period some food was also observed in an advanced stage of
digestion, which was probably left from the day before. This happened especially
during summer with only few hours of darkness and intensive feeding during the
day, but it was observed rarely for fish eggs.

General food composition and fish eggs in the stomachs

In order to assess the relative importance of fish in the diet of herring and sprat and
to identify possible relationships to the availability of other food sources, a summa-
ry on the results of the general food composition resolved into major taxonomic
groups is first presented (Figures 5 & 6). Additional information on the number of
stations covered, stomachs analysed and the mean length of predators is given in
Tables 3 & 4. In terms of weight, copepods were generally the dominating prey
items, but from April to August also cladocera were regularly present. Cladocera
formed one major food component in the time period from May onwards. In
August 1988 and 1991 they were the most important prey group for sprat. Larger
prey organisms, like mysiids, amphipods, cumacea, polychaetes and small fishes
were found in herring, but rarely in sprat stomachs. In total, the combined group

Stomach contents, g

[ Other oy U o
Fish Herring —
olychaetes
Mysiids 0.6 7
Cladocera
| | Copepods 0.4 -
Unidentified ’
Figure 6. Sprat: Averag_e food composi- 0.2 4
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period 1987-1991. 0.8 4

'87 '88 91
July

Stomach contents, g
0.15

Sprat

0.12 A
| |Fish

] Cladocera
(94 Copepods
Unidentified

0.09 4

0.06

Figure 6. Sprat: Average food composi-
tion by wet weight, split up into major 0.08 +
taxonomic groups and months for the
period 1987-1991.
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Table 3. Herring stomach content: Average numbers of fish eggs per stomach at different sampling dates
and fish egg species composition according to their proportion among identifiable eggs; length = mean
length of herring in the population, s.e. = standard error of the average number of total fish eggs per
stomach.

No.of No.of Length, Fish eggs per stomach

Month/year  stations stomachs cm Total s.e. Cod  Sprat Flounder Rockling
March 1988 12 598 20.8 9.43 0.76 2.87 2.01 3.85 0.7
April 1988 1 193 22.9 3.22 0.36 0.07 1.17 1.27 0.71
April 1991 7 283 19.6 11.69 1.22 2.95 7.46 1.08 0.2
May 1988 1 261 22.4 3.61 0.29 0.2 2.72 0.33 0.36
May 1991 12 474 21.8 31.54 2.7 9.04 2222 0.18 0.1
June 1990 12 562 23.4 11.86 1.34 5.31 6.03 0.51 0.01
July 1987 3 148 24.5 3.39 0.31 1.88 0.56 0 0.95
July 1988 8 233 23.6 4.45 0.51 2.66 1.29 0 0.5
July 1991 15 473 21.4 13.53 1.8 11.14 2.26 0 0.13
August 1988 4 165 22.7 3.35 0.74 0.8 <0.01 0 2.54
August 1991 11 461 21.3 1.71 0.21 1.68 0.01 0 0.02
September 1988 1 306 23.5 <0.01 <0.01 no eggs identified to species

Table 4. Sprat stomach conrtent: Average numbers of fish eggs per stomach at different sampling dates
and fish egg species composition according to their proportion among identifiable eggs; length = mean
length of sprat in the population, s.e. = standard error of the average number of total fish eggs per stomach.

No. of No. of Length, Fish eggs per stomach

Month/year  stations stomachs cm Total s.e. Cod  Sprat Flounder Rockling
March 1988 11 539 13.5 6.17 0.91 0.99 0.26 4.68 0.24
April 1988 S 200 13.7 27.7 3.65 25.7§ 0 0 1.95
April 1991 9 355 13.7 28.67 3.52 3.37 17.24 6.71 1.35
May 1988 2 97 12.7 6.42 2.51 0.41 2.67 1.67 1.67
May 1991 14 526 13.9 31.43 3.11 7.55 20.8 1.8 1.28
June 1990 12 506 13.7 54.84 4.39 3.98 49.17 1.68 0
July 1988 2 87 13.7 3.26 0.83 0 3.26 0 0
July 1991 14 53§ 13.8 13.36 1.14 4.7 7.62 0 1.04
August 1988 3 86 14.1 0.09  0.05 no eggs identified to species
August 1991 11 326 14.1 0.06 0.02 0 0.01 0 0.05

of macrozooplankton and fish added up to 10% of the average stomach content by
weight. Only in March 1988 a significantly higher proportion of mysiids occurred.

Fish eggs and larvae were of minor importance for herring, where they contri-
buted at maximum only 2-5% of the total weight (March 1988, April and May
1991). For sprat corresponding maximum values were found to be higher, i.e. 7-
25% in April 1988 and 1991, May 1991 and June 1990. Thus, in these months fish
eggs and larvae were the second important prey group for sprat.

Fish eggs, by numbers, amounted up to 510 and 840 for individual herring and
sprat, respectively. Highest numbers were generally found in the period March to
June, except for herring sampled in April and May 1988 (Tables 3 & 4). The two
low values in spring 1988, however, are both based on one station only, placed in
an area of low egg abundance. In comparison to herring, sprat stomachs contained
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generally higher numbers of eggs during the first months of the spawning period.
In July, the numbers of eggs were similar for both species, and in August the num-
bers were substantially lower in sprat.

The amount of cod eggs per stomach was similar on average for both predators.
Substantial differences were observed only in July 1991, where a maximum of cod
eggs was found in herring, and in April 1988 with a maximum of cod eggs in sprat
stomachs. In the latter month, the corresponding value for herring is uncertain and
not well comparable for the reasons mentioned above.

Average daily consumption of fish eggs by individual predators

Logarithmic regressions of the evacuation rates on mean stomach contents are pre-
sented in Figures 7 & 8 for fish eggs in numbers and for total food in weight. The
slopes of the regression lines, corresponding to the exponents B of the power func-
tion, showed values of 0.85 and 1.09 for fish eggs and 1.17 and 1.19 for the food
in total for herring and sprat, respectively. These values of B close to 1 indicate eva-

In(evacuation rate in no.-h™") In(evacuation rate in no.-h™")
51 , 5 9
4 A . 4l B
31 34
2 2
11 11
0+ 0
-1 -1
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Figure 7 (upper panel). Evacuation rate of fish eggs in numbers (ds/dt). Logarithmic regression of eva-
cuation rate on average number of fish eggs per stomach with 95% confidence limits from combined 24-
h surveys and deck-tank experiments. A: herring: slope b = 0.85, intercept a = —0.64, r2: 0.77, power
function ds/dt = 0.53-5%%%; B: sprat: slope b = 1.09, intercept a = — 0.87, r2: 0.80, power function ds/dt
= 0.42-510,

Figure 8 (lower panel). Evacuation rate of stomach content in weight (ds/dt). Logarithmic regression of
evacuation rate on average total stomach content with 95% confidence limits from combined 24-h fish-
eries and deck-tank experiments. A: herring: slope b = 1.17, intercept a = —0.42, r%: 0.63, power function
ds/dt = 0.24-S"17; B: sprat: slope b = 1.19, intercept a = - 0.77 r2: 0.69, power function ds/dt = 0.46-S"1%,
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Table 5. Daily rations of fish eggs in numbers consumed by individual herring and sprat, based on the
evacuation rate as a function of 1) the total number of fish eggs per stomach (Method 1) and 2) the total
stomach content in weight (Method 2). Values are given for each cruise on which at least three different
stations were covered.

Herring Sprat

Feeding Method 1 Method 2 Method 1 Method 2

period, Fish Cod Fish Cod Fish Cod Fish Cod
Month/year  hours eggs  eggs eggs  eggs eggs  eggs eggs  eggs
March 1988 11.54 45.7 139 31.9 9.7 47.9 7.7 27.12 44
April 1988 14.25 not calculated 268.8 249.9 1429 132.8
April 1991 14.25 65.0 164 453 114 281.7 33.1 146.9 173
May 1991 16.1 170.6 48.9 140.8 40.4 349.4 84.0 192.1 46.2
June 1990 17.19 75.7 339 57.6 258 663.6 48.2 356.4 259
July 1987 16.52 26.5 14.7 17.3 9.6 not analysed
July 1988 16.52 324 193 21.0 125 not calculated
July 1991 16.52 78.7 64.8 65.0 3535 140.3 494 91.7 323
August 1988 15.06 20.6 4.9 13.5 3.2 0.7 - 0.5 -
August 1991 15.06 11.6 11.4 7.1 7.0 0.4 0.0 0.3 0.0

cuation curves similar to negative exponential curves. Table 5 presents the estimated
daily rations in numbers of fish eggs and in numbers of cod eggs, for herring and
sprat. Values are given for each cruise on which at least three different stations were
sampled. In general the first method revealed the highest daily rations, whereas the
estimates derived by the second method were 17-48% lower.

Total daily consumption of cod eggs in relation to the standing stock
and daily production of eggs
The size of the population of herring and sprat in subdivision 25 is presented in
Figure 9 for the period 1980-92. From these data, which refer to the beginning of
the year, corresponding values have been derived for the sampling dates. This infor-
mation is summarized in Tables 6 & 7 (next page) together with the values obtained
for total daily consumption and the ratios of the consumption to the standing stock
and to the daily production of cod eggs.

The total consumption by the sprat population appeared to be high in June 1990
and in April and May 1991, when 90% to well above 100% of the standing stock

Population size, million
30000 4 "

LARN

25000 ' N sprat
20000 1 X
15000
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Figure 9. Herring and sprat population 5000 ‘
size (age 1+) in subdivision 25 estimated
by VPA. 0
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Table 6. Herring population size in the central Bornholm Basin and daily consumption of
cod eggs by herring related to standing stock and daily production of cod eggs in the area.

Stock size Daily Rartio of daily ~ Ratio of daily

(numbers)  consumption  consumption consumption
Month/year (108) (10%) to abundance  to production
April 1991 4 0.5 0.01 0.02
May 1991 379 15.3 0.12 0.48
June 1990 437 113 0.12 0.41
July 1988 996 12.5 0.09 0.38
July 1991 784 42.0 0.14 0.64
August 1991 754 5.3 0.03 0.16

Table 7. Sprat population size in the central Bornholm Basin and daily consumption of
cod eggs by sprat related to standing stock and daily production of cod eggs in the area.

Stock size Daily Ratio of daily ~ Ratio of daily

(numbers) CONSUMpLion  CONSUMPLion consumption
Month/year (108) (10%) to abundance  to production
April 1991 5160 89.1 0.91 3.94
May 1991 4993 230.6 1.78 7.28
June 1990 3566 923 0.96 3.33
July 1991 555 17.9 0.06 0.27
August 1991 537 0.0 0.00 0.00

of cod eggs was estimated to be consumed per day (Table 7). In July and August 1991
the predation pressure by sprat appeared to be significantly lower than in the earlier
months, with only 0-6% of the standing stock consumed per day. The total consump-
tion by the herring population was calculated to be much lower than for sprat, reach-
ing in general only 9-14% of the standing stock. Minimum values occurred in April
and August 1991, when 1 and 4%, respectively, were consumed (Table 6).

The estimates for the daily production of cod eggs were on some dates significantly
lower than those obtained for the daily consumption by sprat (June 1990, April and
May 1991). However, in July and especially August 1991 the production was well
above the consumption by sprat (Table 7). For herring, the effect of predation was high-
est in July 1991 with the daily consumption being 64 % of the egg production (Table 6).

From the average frequency distribution of cod egg stages in the stomachs and
in the sea, a positive selection of older egg stages is indicated for both herring and
sprat (Table 8). Cod eggs belonging to the oldest stage V were neither found in the
stomachs nor in the plankton samples (for discussion see Wieland et al. 1994).

Egg Herring Sprat

stage stomachs stomachs [ situ
Table 8. Average frequency distribution (%) of cod IA 22.6 26.8 58.3
egg stages in stomachs of herring and sprat com- 1B %6‘7 36.7 16.7
pared to the corresponding distribution in situ as HI Eé; 1;2 1g§
derived from parallel ichthyoplankton surveys in v 23 9% 13

July 1988, June 1990 and April to August 1991
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Occurrence and abundance of larvae and small fish

found in the stomachs of

herring and sprat
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In general, few larvae, small juvenile and adult fish were observed in the stomachs
of herring and sprat. This was independent of the subdivision and season of sam-
pling (Tables 9 & 10). Cod larvae were detected in only 10 out of 15972 herring
stomachs. 0-group cod were found in 9 herring stomachs. In sprat only 4 out of
17547 stomachs contained cod larvae and small fish were almost absent.

Table 9. Percentage occurrence of fish larvae and small fish in herring stomachs from subdivision 25, 26,
28 and 29; * not identified to species.

Sub- Quar- No.of No.of

Percentage occurrence of larvae

Percentage occurrence of fish

div. ter stations stomachs Cod  Sprat Herring Other Cod  Sprat Herring Other Gobiids
25 1 12 598 0.17 0.67 0 0 0 0 0 0 0.84
2 33 1773 0 1.18 0 0.06 0 0 0 0 0.85
3 42 1786 022 2.07 0 0 0.5 039 0 0.06 2.8
-+ 4 1863 0 0 0 0.16* 0
26 1 33 964 0 0 0 0 0 0 0 0 0.1
2 46 1171 0 0.09 0 0 0 0 0.34 0 0
3 81 2279 022 0 0.04 0 0 0 0 0 0
4 20 543 0 0 0 0 0 0 0 0 0
28 1 34 1112 0 0 0 0 0 045 0 0 0
2 43 1182 0 0 0 0 0 0.34 0 0 0
3 50 1329 0 0.08 0 0 0 0.98 0 0.1 0
4 30 817 0 0 0 0 0 0 0 0 1.84
29 1 - -
2 4 80 0 0 0 0 0 025 0 0 0
3 -+ 80 0 0 0 0 0 0 0 0 0
-+ 17 395 0 0 0 0 0 0 0 0 0

Table 10. Percentage occurrence of fish larvae and fish in sprat stomachs from subdivisions 25, 26, 28

and 29; * not identified to speci

€s.

Sub- Quar- No.of No.of

Percentage occurrence of larvae

Percentage occurrence of fish

div. ter stations stomachs Cod  Sprat Herring Other Cod  Sprat Herring Other Gobiids

25 1 11 528 0 0 0 2.84 0 0 0 0 0
2 41 1684 0.12 285 O 0.06 0 0 0 0 0
3 30 1034 0.19 0.1 0 0 0 0 0 0.10* 0
4 - -

26 1 106 2267 0 0 0 0 0 0 0 0 0
2 100 2256 0 0 0 0 0 0 0 0 0
3 148 2748 0 0 0 0 0 0 0 0 0
4 28 546 0 0 0 0 0 0 0 0 0

28 1 73 1435 0 0 0 0 0 0 0 0 0
2 101 2141 0 0 0 0 0 0 Q 0 0
3 114 2157 0 0 0 0 0 0 0 0 0
+ 31 479 0 0 0 0 0 0 0 0 0

29 1 - -
2 3 59 0 0 0 0 0 0 0 0 0
3 3 94 0 0 0 0 0 0 0 0 0
4 11 119 0 0 0 0 0 0 0 0 0
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Table 11. Average number of fish larvae, 0-group fish and gobiids per 100 stomachs of herring and sprat

at different sampling dates during day and night; * not identified to species. —: not analysed.
Herring Sprat
Month/ No.of  No.of 0- No.of No.of 0-
year Time  stations stomachs Larvae group Gobiids  stations stomachs Larvae group Gobiids
Mar. 88 day 12 598 1.04 0 0.87 11 528 6.06 0 0
Apr. ’88 day 1 193 1.57 0 0 S 200 1.1 0 0
night . - - - - - 129 6.9* 0
Apr. '91 day 7 283 0.2 0 4.17 9 355 0 0 0
May '88 day 1 261 6.05 0 2 97 0 0 0
night - E - - - 1 110 0 0 0
May 91 day 12 474 1.04 0 0 14 526 0.07 0 0
night 2 89 0 0 0 - - - - -
June ’90 day 12 562 535 0 0 12 506 74.56 0 0
July °87 day 3 148 348 0 0 - - - - -
night 1 37 541 0 0 - E - - -
July *88 day 8 233 0.07 0 0 2 87 0 0 0
night - - - - - 18 0 0 0
July 91 day 15 473 0.23  0.07 0 14 535 2.29 0.76* 0
night 1 125 1.6 0 0 4 146 3.19 0.68* 0
Aug. '88 day 4 165 0.57 0.65* 0 3 86 0 0 0
night 4 344 843 756 0 4 138 022 0 0
Aug.’91 day 11 461 2945 59 1.3 11 326 0 0 0
night 5 223 13.9 1839 0 6 119 036 0 0
Sep.’88 day 1 306 0 0 36.28 - - B E -
Oct. 88 day 4 1202 - 0.16* 0 - - - - -
night 2 661 - 0.15* 0 - - - - -

Corresponding to the low frequency of occurrence, the average number per stom-
ach, available only for the Bornholm Basin, was also rather low for the prey cate-
gories fish larvae, 0-group fish and gobiids. This result is independent of the time
of sampling during the day (Table 11). In herring a total of 254 fish larvae were
identified in 4975 stomachs. 82 larvae were identified to species, of which 4 were
cod larvae. Also small fish appeared to be scarce in herring stomachs and most of
them were gobiids. From a total of 233 small fish found in 6838 herring stomachs,
only 2 were identified as cod. In sprat somewhat higher numbers of fish larvae were
encountered. From 340 larvae found in 3817 sprat stomachs, 153 were identified
to species, including 5 cod larvae.
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Discussion

Diurnal feeding cycle and feeding period

The results of the diurnal feeding cycle of herring and sprat in the Bornholm Basin
indicate a high feeding intensity during daytime and a very limited consumption
during the night. Comparable results from 24-h sampling periods are scarce in the
literature; however, several authors observed an increase in the average stomach
content from dawn to dusk (Popiel 1951, Lohmeyer & Hempel 1977, Daan et al.
1985, Hopkins 1988). This supports the described feeding cycle. For sprat, Hinrichs
(1986), Shvetsov & Starodub (1986) and Starodub et al. (1992) presented data
from 24-h sampling performed in the central Baltic and showed similar increases in
the stomach content during the day and decreases during the night. Therefore the
assumption seems to be well supported, that the feeding activity is restricted to day-
light hours.

A zero stomach content at the start of the feeding period may be assumed only
for fish eggs although it does not introduce any major bias. The average stomach
content at the end of the feeding period includes a high variability in the given data.
Using the average over the feeding period probably underestimates this final value.

Early life stages of fish in the diet

For sprat there was a distinct seasonal change in the diet: the large amount of fish
eggs ingested in March/April was substituted by cladocera in later months. This
shift in the diet can be explained by an increase in the abundance of all clado-
ceraspecies in the plankton during the summer months (Miiller 1982). The absence
of a comparable shift in the diet of herring may be explained by a difference in the
vertical distribution of the two predator species. After spawning activity ceases in
July (Miller et al. 1990), sprat concentrate at intermediate depths and in more shal-
low areas (Starodub & Kondratjeva 1988). In those areas cladocera occur in higher
abundances (Miiller & Zuzarte 1989) and fish eggs are low in numbers (Wieland
& Zuzarte 1991).

The generally low occurrence of fish larvae in the diets may be due to a limited
overlap in the vertical distribution of predator and prey. Apart from the more shal-
low vertical distribution of sprat in summer, feeding herring and sprat concentrate
at depths deeper than 50 m during daytime. The vertical distribution of fish larvae
show highest concentrations above 50 m (Wieland & Zuzarte 1991). Occasionally,
substantial numbers of larvae were also encountered below 50 m, as for example in
June 1990. This may explain the relatively high numbers of larvae ingested by sprat
in this month. Herring was not feeding on these larvae at the same time, which
might be explained by the small average size of the newly hatched larvae of less than
6 mm. The larvae ingested by herring in August 1991 were mostly 15 mm and larg-
er, and thus probably more suitable as prey for herring than for sprat.

Larger prey organisms, i.e. macrozooplankton and small fish were found in her-
ring but rarely in sprat stomach. This corresponds to results of Hinrichs (1985,
1986), Starodub et al. (1992) and Zatachowski et al. (1975). The numbers of juve-
nile fish ingested by herring were low. This may be explained by a limited vertical
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overlap as described above for larvae. However, it might also be due to drift of older
larvae and 0-group fish out of the Bornholm Basin (Grauman 1976, Aro et al.
1991). The database on herring and sprat stomach contents did not indicate a sub-
stantial predation in other areas of the central Baltic.

The amount of food in the stomachs may have been generally underestimated if
digestion and evacuation continues during the time from catching to preservation.
This time lag was long (45-75 min.) compared to digestion times of less than 60
min. reported for small larvae as prey of planktivore fish (Hunter & Kimbrell
1980). This possible bias may be of minor importance for two reasons: the digestion
time for larvae is reported to be prolonged significantly if less quickly digestible prey
organisms (e.g. copepods) were also ingested (Christensen 1983, Balfoort 1984).
Secondly, stomach evacuation seems to be retarded as a reaction to stress during the
catching and handling process (Lockwood 1980, Koster et al. 1990).

Average daily consumption of fish eggs by individual predators
In both approaches for calculating daily consumption, as a working hypothesis, it
is considered that the evacuation rate and digestion time of cod eggs is not signifi-
cantly different from other fish eggs. Method 1 includes the assumption of an ex-
ponential evacuation curve for numbers of fish eggs. The results of 24-h sampling
and deck-tank experiments support this assumption although they may be a conse-
quence of an exponentially decreasing feeding rate on fish eggs before the start of
the experiments. Due to its second assumption, that the evacuation rate for fish eggs
is not influenced by the amount and composition of other food, Method 1 appears
to be applicable only for experiments where fish eggs were the major food ingested.
This was the case in some experiments conducted with sprat only. A larger amount
of other type of food will certainly reduce the dependence of the evacuation rate on
the number of eggs in the stomach. Method 2 does not include this second assump-
tion, but assumes a similar evacuation rate for fish eggs and other prey organisms
in terms of weight instead of numbers. This appears to be the more valid approach.
The observed curvilinearity of the stomach evacuation in terms of weight is in
agreement with the findings of Jobling (1986), who suggests exponential evacuation
for fish feeding on small particles (e.g. zooplankton).

Total daily consumption of cod egg

in relation to the standing stock and daily production of eggs

The population sizes of herring and sprat estimated for subdivision 25 by VPA have
been compared to results from an MSVPA for the central Baltic (Anon. 1994). Stock
sizes for subdivision 25 were derived by allocating the proportions of the stocks in
subdivisions 25-27 and 25-28 to individual subdivisions using informations from
the annual international hydroacoustic surveys in October. For herring, the popu-
lation sizes revealed by the two methods agree for recent years. For sprat, the esti-
mates are also in good agreement, apart from the most recent years. From 1989 on-
ward, the stock sizes from the VPA are significantly lower (41-48%) than those de-
rived from the MSVPA (Anon. 1994). Thus, the values for the size of the sprat popu-
lations used to calculate the daily consumptions of cod eggs appear to be conservative
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estimates. The use of the lower values for daily rations by using Method 2 may pre-
vent a substantial overestimation of the total daily consumption of cod eggs by sprat.

The estimates of the daily egg production, on the other hand, should be regarded
as first estimates. No direct observations are available for April and August 1991
on the vertical distribution of cod eggs in the area and the applied mortality within
the egg stage IA is also only approximate. At present a model is being developed on
the vertical distribution of cod eggs in relation to the current hydrographic condi-
tions. This model together with revised egg mortalities within the youngest egg
stage, taking into account fertilization failure (Markle & Waiwood 1985), may
enable a more precise determination of the daily egg production.

The indicated positive selection of older egg stages by herring and sprat may be
due to a better visibility of the more developed stages. It may be essential to deter-
mine the daily consumption separately for individual egg stages and to compare
these with the corresponding daily production of each egg stage. This would require
reliable estimates of the egg mortality within each developmental stage, presently
not available.

Despite the above reservations, together with the order of magnitude estimated
for the cod egg abundance and the daily egg production in the area compared to the
daily consumption the findings indicate that predation on cod eggs may be substan-
tial at times by sprat and to a lesser extent also by the herring population. Only in
August 1991, the daily consumption of eggs by both predators was calculated to be
well below the production.

Conclusions

Predation on larvae and 0-group stages does not appear to be important in control-
ling the recruitment of cod in the central Baltic. Predation on cod eggs is more sub-
stantial, especially by sprat. The consumption of cod eggs by the entire population
of sprat in the central Bornholm Basin is estimated to be very substantial compared
to the production of eggs in the period April-June, but seems to be low in summer.
Compared to sprat, predation by herring seems to be generally less important,
mainly due to a smaller population size of this species in the area. Herring, however,
does not show a similarly pronounced shift from copepods and fish eggs to cope-
pods and cladocera as described for sprat. They remain in the central Bornholm
Basin during the feeding period in summer. For July and August, this resulted in
daily consumptions of cod eggs higher than those estimated for sprat.

Despite the uncertainties in the available results, it may be concluded that in
1991, when the peak-spawning of cod was rather late in the season, predation
should not have affected a significant part of the total egg production, as it mainly
takes place during the first months of the spawning season. In preceding years,
peak-spawning activity usually occurred earlier in the season, as in 1988, when the
peak was in May. For such years, a rather high predation can be assumed from the
given information.

The importance of predation in the recruitment process of cod also depends,
however, on other causes of mortality. Even a high predation on eggs may have no
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effect on the recruitment of cod, if eggs not eaten die, for instance, due to low oxy-
gen concentrations within and below the halocline (e.g. Ohldag ez al. 1991, Wieland
et al. 1994). In contrast to 1988, the hydrographic situation in 1991 allowed a suc-
cessful egg development in major parts of the bottom water throughout the spawn-
ing period (Bagge 1993). Thus, predation probably created a high cod egg mortality
from April to June 1991. This is in agreement with the observation, that most of
the surviving 0-group cod in 1991 originated from cohorts which hatched late in
the spawning season (Anon. 1993b).

Future perspectives

In most recent years, the Bornholm Basin appeared to be the only spawning area of
cod in the central Baltic, where the environmental conditions have allowed some
successful egg development (Plikshs ez al. 1993). Cod recruitment above average
probably requires favourable conditions in more than one of the traditional spawn-
ing areas. For those other areas, in which the vertical distributions of cod eggs differ
from that in the Bornholm Basin, no adequate data on stomach content are avail-
able at present. Therefore, investigations on the predation of cod eggs by herring
and sprat should be extended to the other major spawning areas of cod in central
Baltic.

Furthermore, herring and sprat may not be the only important predators on early
life stages of cod. Among the variety of potential predators especially predation of
1-group and older cod on 0-group specimens (Jensen & Sparholt 1992, Sparholt
1994) and cannibalism by larvae and 0-group cod may be possible. Cannibalism by
larvae and 0-group cod has been reported by Oiestad (1985) from experiments in
large enclosures and by Bogstad et al. (1993) from field sampling in Icelandic
waters. Also other fish, for example sticklebacks, may contribute to the predation
mortality of early life stages. Invertebrates identified as predators of fish larvae, like
cyclopoid copepods and chaetognaths (Brewer et al. 1984) concentrate in the high-
salinity bottom water of the central basins (Miiller 1982, Miiller & Pommeranz
1984), where the abundance of cod larvae is usually low. Other potential predators,
like mysiids, avoid areas with low oxygen concentrations in the bottom water
(Vilipakka 1991) typical for the spawning areas of cod. Therefore these inverte-
brates are thought to be of minor importance as predators on early life stages of
cod. Exceptions may be the scyphomedusae of Aurelia aurita and Cyanea capillata,
which have been identified as predators of fish larvae (e.g. Fraser 1969, Méller
1980) and which occur in high densities in the central basins in late summer and
autumn. Thus, available data on feeding habits of other potential predators (e.g. ju-
venile cod, medusae) should be evaluated and gaps in the knowledge of their feeding
strategies should be filled by a stomach-sampling and analysis program. Further-
more, field and laboratory experiments designed to determine evacuation rates of
identified predators have to be conducted.

The impact of predation on the mortality of early life stages and on the process
of predation itself depends on the hydrographic situation in the central Baltic. A bet-
ter understanding is required of the abiotic factors influencing the distribution and
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mortality of eggs, larvae, and 0-group cod and the distribution of predators.
Consequently, process orientated research on cod recruitment is needed as well as
stock assessment related activities like hydroacoustic surveys and multispecies
modelling.

It has been suggested (Anon. 1994) to incorporate predation on early life stages
into an extended MSVPA and MS-forecast model. However, this would require
major changes in both programmes and in the data-base. Following the methodo-
logy outlined by Daan (1986), the predation on early life stages should be modelled
on a number basis with appropriate time scales introduced into submodels. Further-
more, the predation on early life stages of sprat has to be taken into consideration,
because the recruitment of sprat itself depends on cannibalism and predation by
herring. Although this integration is in principal possible, it appears to be essential
first to describe and quantify sufficiently the impact of predation and other factors
as well as possible interactions on the recruitment of cod, sprat and herring.
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