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Abstract

Recruitment of central/eastern Baltic cod critically depends on favourable oceanographic condirions
in the deeper basins of the Baltic Sea creating a suitable habirat for the development of early life
stages. The decline in the size of the spawning stock since the mid-1980s initiated a series of
investigations on recruitment, which were continued through a partial recovery of the stock in
the mid-1990s. The principal factors influencing recruitment and recognized at present are: (i)
the volume of water with temperature, oxygen and salinity conditions which meet the minimum
requirements for successful egg development (‘reproductive volume’); (ii) the age-structure of the
spawning stock; (iii) the timing of spawning; and (iv) predation mortality on eggs due to sprat
(Sprartus spratius) and herring (Clupea harengus), as well as cod cannibalism. We relate recruitment
at age 2 to parent stock size using updated time series of these variables, comprising the period
1966 to 1994. Spawning stock biomass and egg production are compared as measures of parent
stock size. The influence of wind energy and zooplankton abundance on cod recruitment are
discussed. A modified Ricker model is outlined explicitly accounting for environmentally-induced
oscillations around the two observed levels of cod stock size.

Kurzfassung

Bestand-Nachwuchsbezichungen beim Dorsch (Gadus morbua) in der zentralen Ostsee unter
Einbezichung der Umweltvariabilicit

Die Rekrutierung des Dorschbestandes in der zentralen Ostsee hingt zwingend davon ab, dass
giinstige ozeanographische Bedingungen in den tieferen Becken der Ostsee einen passenden
Lebensraum fiir die Entwicklung der frithen Lebensstadien bieten. Der Niedergang in der Groe
des Laichbestandes seit der Mitte der achtziger Jahre veranlasste eine Reihe von Untersuchungen
tiber Rekrutierung, die durch die teilweise Erholung des Bestandes in der Mitte der neunziger
Jahre fortgesetzt wurde. Die zur Zeit anerkannten Hauptfaktoren, die die Rekrutierung
beeinflussen, sind (i) Wasserkdrper mit Temperatur-, Sauerstoff- und Salzgehaltsbedingungen,
die den Mindestanforderungen fiir erfolgreiche Eientwicklung geniigen (,Reproduktions-
volumen®), (ii) die Altersstrukrur des Laichbestandes, (iii) der Zeitpunkt der Hauplaichakrivirit,
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Zgirgig\;):)dl:o\’vgiecg dirzﬁeer:nnibalismus beim Dorscj. Wir erstellen .Bezxehungen zwnzclhen der
Rek:utier,\mg von zweijahrigen Dorschen und der Elternbestandsgrofie auf der Grun zc\lgc \./'ci)gn
aktualisierten Zeitserien dieser Hauptfaktoren im Zeitraum 1966 bis 1994. Laichbestandsgroise

iir di o i influss von
i i Is MaRe fiir dic Elternbestandsgrofie verglichen. Der Einl :
e o Wcrdl?:xl?tin—zbtemdanz auf die Dorschrekrutierung werden diskutiert. Eine

Windenergie und Zoop : f die _ : c
modiﬂlie%te Rickerkurve wird skizziert, die die umweltinduzierten Schwankungen de

Dorschbestandsgrofle um zwei beobachtete Niveaus ausdriicklich beriicksichtigt.

Introduction

Central Baltic cod is one of the commercially most important fish st'ocks in .the Baltl.c;l S;a.
As knowledge on the relationship between parent stock and recruitment 1sh§ssehnt1 ! or
producing sound scientific advice on ﬁshefri;:ls magageme(rilt, tglsterelatlons ip has been
j nv analyses, but it is still not fully understood to date. .

Sub)esccfvtecr)arln f;;czors the been identified to influence the recruitment of Baltlcl: cc:idl.)Cod
spawn in the deeper basins of the Baltic Sea, i.e., the Bornhom Basin, the Gpt :;ln eep:
and the Gdansk Deep (Figure 1). The importance of hydrographic factors in t edspavtvlr;

ing areas, particularly the inflow of saline and oxygenated water, hals be:er;3 pon;t; ou a}i
Lablaika et al. (1989), Kosior and Nezel (1989) and Berner ez al. (19 ?1). i T)rinue’
extent of favourable hydrographic conditions was receqtly estimated as the available r '
productive volume, defined as the water mass characterized by temperature, oxygen an

salinity conditions which meet the minimum requirements for successful egg develop-

ment (Plikshs et al. 1993).
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Ficure 1: Western and central Baltic Sea, ICES Subdivisions and spawning areas of central/eastern
Bz?ltic cod. BB: Bornhom Basin, GD: Gdansk Deep, GB: Gotland Basin.
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Also, the stock size of females aged 5 to 7, as a proxy for egg production, contributes
significantly to yeat-class strength (Lablaika ez 2/. 1989). Viable egg production should in
principle be a more adequate estimator of the relationship between parent stock and
recruitment. Fecundity-size relationships and sex ratios were recently updated for the
central Baltic (ICES 1997a), allowing for improved estimates of total egg production.
However, as characteristics of the parent stock influence the probability of survival of the
eggs, the fraction of viable eggs may vary between years (MacKenzie ez 4l. 1996a; Nissling
and Vallin 1996).

Cod eggs are heavily preyed upon by sprat and herring when prey and predator distri-
butions overlap (K&ster and Schnack 1994). While sprat is the dominant predator on cod
eggs in the Bornholm Basin in spring, herring prey on cod eggs during summer. Follow-
ing the observed delay in cod spawning time (Wieland ez 2/. 2000), the importance of
herring as a predator may have become more important during recent years (Koster and
Mallmann 1997, 2000). In trn, both sprat and herring are preyed upon by cod (e.g.
Uzars 1989), and there is evidence for top-down control (Rudstam ez a/. 1994, Jarre-
Teichmann 1995).

Bagge ez al. (1994) indicated that processes acting on cod larvae and young juveniles
may not justify the assumption of constant mortality for these groups. While cod eggs are
usually retained in the spawning areas (Wieland 1988), larvae are drifted out of the basins
into areas of shallow water where they settle. Simulation models are being developed to
analyse possible drift routes (Aro ez 4l. 1991; Hinrichsen et a/. 1997). Mortalities during
the larval period can be quite different between years (Wieland 1995; Grenkjer ez 4.
1995; Voss 1996). Food availability, 7.e. the occurrence of zooplankton of the right type
and size together with cod larvae, is likely to be an important factor for the survival of the
larvae (MacKenzie ez 2l. 19962, Gronkjer ez 2l. 1997).

Juvenile cod are subject to cannibalism, which is higher in periods of high cod abun-
dance (Uzars 1995). Variations in rates of cannibalism on 0- and 1-group is taken into
account in multispecies stock assessment (Jensen and Sparholt 1992; ICES 1997b).

Sparholt (1996a) related 0-group abundance to cod spawning stock biomass (SSB),
reproductive volume, and sprat SSB for the period 1977-1991. Solari ez al. (1997) proposed
a new type of model that was considered more appropriate to describe the spawning stock-
recruitment relationship of Baltic cod than the classical models of Ricker (1954) or Bever-
ton and Holt (1957). This new model was based on the assumption of multiple steady-
states, each limited by a particular carrying capacity, as well as density-independent transi-
tions between them, and applied to data from the assessment of Baltic cod in 1993.

We update the time series of variables, which have been identified to affect cod repro-
duction. These key variables are subsequently analysed in view of the relationship be-
tween cod spawning stock and recruitment, incorporating environmental variability.

Materials and methods

Cod

Data series on spawning stock biomass and recruitment at age 2 (Figure 2) were taken
from ICES (1997a). The spawning stock biomass increased sharply towards the end of
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Figure 2: Spawning stock biomass and numbers of recruits at age 2 of central E}altic cod (ICES $ub-
divisions 25-32) as estimated by VPA and MSVPA, 1965-1994. Note that recruit numbers are shifted
two years back in time corresponding to SSB in the year they were born.
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Figure 3: Characteristics of the mature female population of central Baltic cod: Fractions of first time
spawners and of spawners age 5+, and correlation between mean age of the spawning population and
the fraction of age 5+ spawners.
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the 1970s, and maintained a high level during 1980-1986. Subsequently, SSB declined
sharply, and the minimum SSB in 1992 corresponded to only about half the value esti-
mated for the late 1960s. Since the mid-1990s, cod biomass has recovered to about the
level of the late 1960s. Recruitment was on a moderate level during the late 1960s and
early 1970s, followed by a series of strong year classes in 1976 t0 1979, and then declined
consistently, reaching a minimum for the 1989 year class. The current level is still below
the long-term average.

The dynamics of both SSB and recruitment at age 2 from multispecies virtual popu-
lation analysis (MSVPA) are very similar to those of the (single-species) VPA (Figure 2),
even though SSB was estimated lower and recruitment at age 2 higher by MSVPA than by
VPA during the late 1970s.

The fraction of first time spawners in the total female cod population, and the frac-
tion of mature females of age 5 +, as well as the mean age of the spawning stock in the
central Baltic were also based on ICES (1997a; Figure 3). The changes in the age structure
of the stock were less pronounced than those in biomass. Although 4 to 6 years cycles are
visible in the stock structure, the fraction of spawners of age 5+ increased from the mid-
1960s to the first half of the 1980s, and subsequently decreased to a level corresponding
to that of the early 1970s. The fraction of first time spawners constitutes around 60 % of
the population on a 30 years average, with a contrasting pattern to that of the fraction of
older spawners. The mean age of the spawning stock, and the fraction of spawning fe-
males of age 5+ ate closely correlated (Figure 3).

Potential egg production for cod was estimated from stock numbers, weight-at-age,
maturity ogives and sex ratios (ICES 1997a). Egg production was first estimared for each
ICES Sub-division, and then summed across Sub-divisions to obtain the total produc-
tion. Within a Sub-division, the total number of fish was determined by applying the spatial
distribution of adult cod to the total population numbers in the Baltic. Numbers of eggs

produced by age group were calculated by combining the results of five studies of cod
fecundity in the Baltic, which express egg production relative to body weight (Table 1).
Most studies also provide a relationship between fecundity and body length. However, as
assessment dara are limited to weight-at-age, the weight-fecundity relationships were pre-
ferred since conversion of weights to lengths would have involved another source of error.

It is unknown whether the parameter values are significantly different and whether
their use should be restricted to particular years or areas. We therefore decided to imple-
ment a method, which aggregates all the available information by estimating the range in

Table 1: Relationships between individual fecundity (F, numbers of eggs) and body weight (W in g)
for Baltic cod.

Relationship Sampling years Subdiv. Reference

F = 859 x W0.99% 1968 24,25 Schopka 1971

F=526 xW+ 1738 1959-1962 26 Kosior and Strzyzewska 1979
F =558.07 x W + 186279 1994 25 Bleil and Oberst 1996

F =410.99 x w*0682 1992 25 Kraus 1997

F = 740.59 x W10164 1996 25 Kraus 1997
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through the 1980s, a steady decrease was estimated in the VPA assessment. MSVPA esti-
mates fluctuate around 2 million t from the late 1970s through the early 1980, followed
by a marked decrease and a continuation around 1 million t since 1988. We used the
multispecies assessment for analyses from 1977 onwards, but omitted herring from the
analysis of the entire time series.

Reproductive Volume

Estimates of reproductive volume, defined to be all water exceeding critically low levels
of salinity, temperature and oxygen content (S > 11 psu, T 2 1.5 °C, and O, =2 ml/])
were obtained from MacKenzie et 4. (2000). Since a delay in cod peak spawning time
has been observed in the Bornholm Basin during recent years (Wieland ez 2/. 2000), the
reproductive volume was adjusted to account for these changes on the assumption that
a similar shift had taken place in the entire central Baltic cod population. The peak
spawning season lasts for about three months. We thus used mean values for the period
April to June for 1966 to 1989, May to July for 1990 to 1992, and June-August from
1993 onwards. When no monthly estimate was available for a basin, the missing value
was obtained by linear interpolation. The adjusted reproductive volumes are shown in
Figure 6A for the period of interest here, 1966 to 1994. They are relatively close to the
mean summer conditions used by Sparholt (1996), stronger deviations occur for the
petiod of early spawning until the late 1970s than for the mid- and late 1980s and
1990s (Figure 6B).

The Bornholm Basin has traditionally been the most important area for cod repro-
duction, while the Gdansk Deep and the southern Gotland Basin each regularly con-
tributed about half the size of the reproductive volume in the Bornholm Basin. The
central Gotland Basin was often oxygen depleted, but it contributed a volume equiva-
lent to that of the Bornholm Basin in some years.

The reproductive volume has always fluctuated strongly. However, it was on average
much higher before 1980 than thereafter, and it was never for more than one year in a row
that the Bornholm Basin constitued the only relevant reproductive volume for cod. How-
ever, during 1981 and 1982, the Bornholm Basin represented the only suitable area for
cod reproduction for two consecutive years. This happened at a time, when about 80 %
of the cod population was distributed the Gdansk Deep and Gotland Basin (ICES 1997a).
In the following years, the percent contribution of the other Basins to the total reproduc-
tive volume remained very small until 1993 and 1994, after major inflows of highly saline
and oxygenated water into the Baltic Sea (Matthius and Lass 1996). Consequently, the
average reproductive volume has been much lower in the 1980s and early 1990s than
during the late 1960s and 1970s.

Estimates on the breakdown of the cod stock by subdivision are available since
1980 (ICES 1997a) and indicate that the distribution has changed. Therefore, we con-
structed an alternative time series, which was weighted by the abundance in each Sub-
division (Figure 6C). The importance of the Bornholm Basin has apparently increased
since the mid-1980s, due to a general southward shift in disuribution of the stock.

Because it is unlikely that the distribution would have been constant during the period.

1966 to 1980, when large biomass changes were observed, we did not try to extend the
series backwards in time.
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Wind energy

Hinrichsen et al. (in press) developed a wind index of larval drift based on a three dimen-
sional eddy resolving baroclinic model of the Baltic Sea (Lehmann 1995), driven by a
time series of wind measurements at Christian’s Island (Yocated approximately 10 nautical
miles north-east off Bornholm) and using a Lagrangian particle tracking technique
(Hinrichsen ez a/. 1997). We used the basic calculations underlying this wind index to
derive estimates of cumulative wind energy during peak spawning time as determined by
Wieland et 4f. (2000). On Chiristian’s Island, the wind sensor was replaced and modified
in 1979, resulting, on average, in significantly higher wind speed measurements. Assum-
ing that the mean wind speed had not changed during the mid-1960s through mid-
1990s, a regression was established to intercalibrate the two time series. Cumulative wind
energy was calculated from three hourly wind speed measurements. Earlier studies

Arch. Fish. Mar. Res. 48(2), 2000 105



A. Jarre-Teichmann et al.

(Hinrichsen ez al. 1995) suggest that drift towards the west and north is correlated to
winds from westerly and southerly directions. To distinguish between different directions
of larval transport, wind energies were provided with a positive sign if southerly or west-
erly winds predominated, and with a negative sign, if northerly or easterly winds pre-
dominated. The three-hourly values were summed over a period of 60 days, correspond-
ing to the average duration of the larval drift. Dates of peak spawning are not available for
all years. Therefore, the value for 1970 was used in calculating the wind energy for 1966
t0 1968, the 1980 value for 1981 to 1984, and the 1989 value for 1990. For each year, the
calculation from the peak spawning date onwards was repeated for the period starting 10
days before, 5 days before, 5 days after and 10 days after the peak, and the 5 values
obtained were averaged. The resulting time series is given in Figure 8 (middle panel).

Cumulative wind energy fluctuated around a level of 80 kW-m"? during the mid-
1970s to the early 1990s. Strong northerly to easterly winds were noted in 1971, resulting
in a negative anomaly. There is an indication that wind energy around cod peak spawning
time has increased in the early 1990s.

Zooplankton

Long time series of zooplankton abundance exist for some areas of the Baltic Sea. Time
series of zooplankton abundance for the Bornhom Sea, the Southern Gotland Sea, the
Gotland Deep, and the Gdansk Deep are available for 1979 to 1994 from HELCOM
(1996). We weighted these series by the relative abundance of cod by Sub-divisions to
obtain a combined zooplankton abundance series.

Analyses

As density-dependent processes are known to be important for cod because of cannibal-
ism (Uzars 1995), we expect a stock recruitment curve of the Ricker-type (Ricker 1954).
We used the linearized form of recruitment per unit parent stock in our computations:

In(R/P) =lna—-B-P (1

where R is a measure of stock recruitment, P a measure of the parent stock (biomass, egg
production, etc.), and a and b are coefficients of the density-independent and density-
dependent terms, respectively.

Note that recruit numbers at age 2 were shifted two years back in time to match cod
SSB and other data series for the year they were born.

As it is likely that the relationship between the environment and cod recruitment (or
recruitment per unit parent stock) is nonlinear, we used the Alternating Conditional
Expectation algorithm (ACE) developed by Breiman and Friedmann (1985) for optimal
variable transformation. This algorithm has successfully been applied in recruitment studies
before {e.g., Mendelssohn 1989, Cury and Roy 1989). The dependent variable y and the
independent variables x; (i = 1...n) are replaced by transformation functions Ty(y), T;(x;).
The algorithm estimates these functions by minimizing '

e = E{(To(y) - % Ti(x;))?} / Var (To(y)) 2

The transformation functions do not belong to a particular parameterized family,
and are not necessarily monotone. However, we restricted the transformation of the de-
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pendent variable to monotone functions in order to allow for straightforward retrans-
formation. If the values of all but one variable are fixed, and the problem of which new
transformation will minimize the normalized residual sum of squares is solved, then the
solution is a conditional expectation that can be estimated empirically based on a smoothing
algorithm. The algorithm converges to an optimal solution and produces an empirically
smoothed function for each variable. The shape of the function is found by plotting the
transformed values of a variable versus the original values. As the transformation is free of
4 priori assumptions on refationships between response and predictor variables, it may be
used to confirm existing ideas on the relationship, or provide new insights.

Results

Stock-recruitment curves for central Baltic cod (Figure 7; Table 2) were estimated for the
entire time series and for two periods separately (1966 to 1980 and 1982 to 1994), corre-
sponding to the observed shift in reproductive volume level (Figure 6). The variance
explained by the regressions ranged from 27 to 45 % for the entire time series, and 21 to
44 % and 45 to 54 %, respectively for the two periods, depending on whether spawning
stock biomass, total egg production, or egg production by females of age 5+ was used as a
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Figure 7: Recruitment (R) of central Baltic cod at age 2 for different measures of parent stock size, and

fitted Ricker curves (Table 2). A: Trajectory, B: SSB, C: Total egg production D: Egg production by
females of age 5+.
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‘Table 2: Parameter values of Ricker stock-recruitment curves for Baltic cod. Dependent variable was
number of recruits at age 2 (millions) per unit of parent stock in all cases. Parent stock was taken as
spawning stock biomass (SSB), total egg production (TEP) or egg production by age 5+ females (5+EP).

Parent stock Period In{o) B 2 df. P
SSB (10° Y) 66-94 0.538 0.002 0.27 27 0.004
66-80 0.691 0.001 0.21 13 0.084
82-94 0.103 0.002 0.45 H 0.013
TEP (109 66-94 1452 0.004 0.32 27 0.002
66-80 1.622 0.003 0.31 13 0.031
82-94 1.047 0.004 0.48 1 0.009
5+EP (10%) 66-94 2.151 0.009 0.45 27 <0.001
66--80 2.350 0.006 0.44 13 0.007
82-94 1.630 0.008 0.54 11 0.005

measure of parent stock size (Table 2). All regressions were significant at P < 0.05, except
for the fic of the upper branch (1966 to 1980) for spawning stock biomass. The best fit
was obtained in all cases using egg production of 5+ females, while the worst fit was
obtained using spawning stock biomass. All curves suggest that recruitment can be ad-
equately described by Ricker curves, and that the optimal recruitment had just about
been reached for the high recruitment regime 1966 to 1980, whereas the “right hand
side” of the Ricker curve was reached during the present regime of low recruitment at
spawning stock biomasses of around 400 000 to 550 000 t, or a total egg production of
about 250 x 10'? eggs.

Time series of reproductive volume, wind energy, and sprat biomass, and scatterplots
of log-transformed recruitment and the residuals of the fitted Ricker curve with total egg
production as the measure of parent stock size are given in Figure 8. While recruitment
and residuals increase with reproductive volume, suggesting a slightly curvilinear rela-
tionship, correlations are les obvious for wind energy, or sprat biomass. While there is
some indication that recruitment increases with increasing (westerly) wind energy when
considering the two periods separately, there is only a trend in the residual plots for the
later period. While recruitment appears to be negatively influenced by sprat biomass for
each period, there is no trend in the residuals for the early period and the trend for the
later period is positive, contradicting the negative trend indicated by plotting log recruit-
ment versus sprat biomass.

Multiple linear regressions of log-transformed recruitment per number of eggs pro-
duced on total egg production, and reproductive volume were highly significant
(P < 0.005). The regressions explained 51 % of the variance of the entire time series when
reproductive volume was used linearly or and 50 % when log-transformed. Neither wind
energy nor sprat biomass were significant.

ACE-transformation revealed a slightly nonlinear relationship berween recruitment per
unit of egg production as dependent variable, and total egg production and reproductive
volume as independent variables (Figure 9). A markedly nonlinear relationship was sug-
gested for cumulative wind energy, with a minimum at 60 kW.m2, and two maxima
corresponding to strong easterly winds (approximately ~190 kW.m-2), and moderate
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Figure 8: Time series of variables used in multiple linear regression 1966 to 1994, scatterplots of these
variables versus number of recruits at age 2, and versus the residuals from the fitred Ricker curve: Upper
panel: Adjusted reproductive volume; Middle panel: cumulative wind energy (+ standard error); lower
panel: sprat biomass. Filled circles: 1966 to 1980; dotted circle: 1981; open circles: 1982 to 1994

south-westerly winds (110 kW.m-2), respectively. The three independent variables were
highly significant (P < 0.001), whereas sprat biomass was not. A multiple linear regression
using only total egg production and reproductive volume explained 61 % of the variance,
while 81 % was explained when wind energy was added.

Similar calculations for egg production of females of age 5+ explained even 84 % of
the variance for the full model and 66 %, when wind energy was deleted. The transforma-
tion of the egg production was also smoother than before (Figure 10). As before, sprat
biomass was not significant.
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Figure 9: ACE transformations of the variables that contribute significantly o the multiple regression
of cod recruitment in the central Baltic Sea, 1966 to 1994, based on total egg production.

The trajectories of observed recruitment and recruitment predicted by the model
based on total egg production (Figure 11) follow each other quite well. The strongest
deviations occurred in 1979/1980.

When focusing on the present regime of low recruitment, corresponding to the
period of low reproductive volume (1982 to 1994), the same independent variables
explained the variance in recruitment for total egg production (Figure 12) as well as for
egg production by females of age 5+ (Figure 13). The relationship between recruitment
per unit egg production and egg production is negatively curvilinear, and smoother
than in the entire time series (Figures 9, 10). A logarithmic relationship is suggested
from the transformation of reproductive volume. Cumulative wind energy shows the
same breakpoint at approximately 60 kW-m, and improved recruitment with increas-
ing southerly or westerly winds (70 to 250 kW.m2). The transformation also leads to a
much smoother trajectory than that of the entire time series. The multiple linear regres-
sion based on total egg production explained 97 % of the observed variance, where egg
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Figure 10: ACE transformations of the variables that contribute significantly to the multiple regres-
sion of cod recruitment in the central Balric Sea during 1966 to 1994, based on egg production by
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production contributed 87 %, and the difference was shared roughly equally UN repro-
ductive volume and wind. All variables were significant at P < 0.01. When using egg
production by females of age 5+, the explained variance was slightly higher (98 %), and
all variables were significant at P < 0.001, as expected from the smoother transforma-
tions. . o

Neither sprat nor herring biomass, nor total clupeids, no:mzv.cﬁn& m_mEmnms% to H?,a
regression, and their transformations were inconclusive, depending on what other vari-
ables were used. The same applied to zooplankton abundance.

The trajectory of observed and predicted RQESHQ:. (Figure 14) shows a very
close fit, as expected from the high coefficient of determination. There was no evidence
of autocorrelation in the residuals for any of models based on transformed or
untransformed data, neither for the entire time series nor for the recent period of Fé
recruitment. Therefore, the ACE transformation process does not appear to have in-
duced a spurious relationship.
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Figure 11: Observed (line) and predicted
(points) recruitment of central Baltic cod
at age 2 (R), 1966 to 1994. Predictions
are based on multiple regression of recruit-
ment per unit of egg production on total
I egg production, reproductive volume, and
cumulative wind energy.
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Figure 12: ACE transformations of the variables that contribute significantly to the multiple regres-
sion of cod recruitment in the central Baltic Sea, based on total egg production, 1982 to 1994.
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to 1994,

Figure 14: Observed (line) and predicted
(points) recruitment of central Baltic cod
at age 2 (R), based on total egg produc-
tion, 1982 to 1994. Predictions are based
on multiple regression of recruitment per
unit of egg production on total egg pro-
duction, reproductive volume, and cumu-
lative wind energy.

Arch, Fish. Mar. Res. 48(2), 2000

500

400

@W
o
(=]

Recruits Age 2 (106)
N
3

100

LA L L S B AL AL B S

SV AV KUY I SR EUN S S |

0
1980 1982 1984 1986 1988 1990 1992 1994

L T o~y Yevar f .
atvijer Zlve Do) ns

pétnlecileas o e
BIBLIOTEK A .



A. Jarre-Teichmann et al.

Discussion

Data series on fish biomass and recruitment

We used data series from routine stock assessment based on VPA, which provide the basis
for current scientific advice on fisheries management. Shortcomings of the methodology
have been discussed elsewhere, and shall not be repeated here. In principle, multispecies
assessment bears the advantage that predation is explicitly accounted for and the variable
natural mortality is expected to result in more realistic biomass estimates for fish prey (in
the Baltic basically sprat, herring and juvenile cod). The data sets underlying MSVPA for
the central Baltic are at present undergoing revision, and the tuning methodology is being

refined (ICES 1997b), which makes it difficult to obtain consistent time series. Only v

after this task has been completed should stronger differences in the fish estimate in the
Baltic be expected, than are now revealed from comparison of the single- and multi-
species approaches.

Cod egg production

Estimates of total egg production were compiled based on available data on stock numbers,
maturity ogjves, sex ratios, distribution, and weight-specific fecundity estimates, and repre-
sent our best knowledge at present. Nevertheless, the available information may not always
be adequate. Sparial distributions as presented in ICES (1997a) were obtained from annual
research vessel surveys conducted in February-March, and may not reflect stock distribution
at peak spawning time. For maturicy ogives, sex ratios as well as stock distribution, observa-
tions for 1980 to 1984 were extrapolated to all previous years. In view of density-dependent
effects such as observed changes in condition (Baranova 1989, 1995) and of existing theo-
ries of habitar use (MacCall 1990), it scems unlikely that these parameters have remained
the same over a large range of biomass estimates. The distribution area of cod extended into
the northern Baltic during the period of high stock abundance, but contracted to the south-
ern Baltic at low stock levels. Homing behaviour to the spawning grounds has also been
observed (Aro 1989). Available weight-specific fecundity estimates do not provide full tem-
poral and spatial coverage, and the error introduced by assuming a randomly varying rela-
tionship cannot be evaluated . Thus, the estimates of total egg production may not reflect
the true range of variation, especially for the years before 1980.

Not all eggs spawned in a given year have the same chance to survive until hatch. The
specific gravity of cod eggs implies that they sink to deeper water (Nissling and Vallin

1996), and the distribution of viable eggs is narrowed by oxygen deficiency and/or cold

temperature (Wieland and Jarre-Teichmann 1997). Oxygen concentrations usually de-
crease from spring to summer (MacKenzie ¢z al. 1996b), and hence, egg mortality due to
oxygen deficiency is likely to be higher in years of late spawning. We accounted for part of
this variability by adjusting the reproductive volume by season. However, reduced viabil-
ity of the eggs may be expected under conditions close to the required minimum (Wieland
et al. 1994), and the present knife-edge assumption may overestimate the true reproduc-
tive volume. Repeat spawners spawn ealier in the year than recruit spawners (Berner 1960,
Baranova 1995), and eggs of large females are larger and more buoyant than those of
smaller ones (Nissing and Vallin 1996). Large eggs float at lower salinity which reduces
their risk of being subjected to low oxygen concentrations, and eggs spawned early can
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develop during a time of the year, when oxygen conditiops are gcncrally more favorable.
Although about 60 % of the female spawning stock consist of first-time spawners on ic
average, the fraction can vary by 25 % (from abou.t 45A% o 70 % of the totgl spawning
stock, Figure 3). Repeated spawners vary in opposite direction, and the fraction of (;lder
females (age 5+) even varies more strongly, between about 15 % and more than 45 % of
ning stock.

the Slg:z:ors sguch as these should be reflected in estimates of viablc? egg production. How-
ever, our knowledge is presently insufficient to mak.e reliable estimates, although recent
efforts to improve historical data sets (e.g. Tomkiew1c'z et al.. 19?7) and new ftudles (e.g
Nissling and Vallin 1996; Kraus 1997) may make chis possible in future (Trippel 1998;
MacKenzie ez al. 1998). We used the close correlation between the mean age of the fen"xale
spawning stock and the fraction of age 5+ females in the stock as an argument to cons§der
egg production by 5+ females as a proxy for an age—structu'red measure of egg producn?n.
The smoother variable transformations of recruitment estimates based on egg production
by spawners of age 5+ (Figures 10, 13) in comparison with those based on total egg
production (Figures 9, 12) indicate that we are on the right track.

Reproductive volume

Whereas a smooth intercalibration was generally possible between the time series pre-
sented by Pliksh et al. (1993) and Hinrichsen and Wieland (1996), th.eir summer esti-
mates were made either for August or July. No attempt was made to ad}ust the July esti-
mates to August values. Feldman et al. (1996) presented the area occugled by water wqh
salinity > 10 psu for the Gdansk Deep, rather than t.he area > 11 psuasin the other. series.
It appeared realistic to assume that the areas occupied by 10 and 11 psu do not differ by
too much, because the halocline is rather steep in the area (Zezera and Zezera 1997).
Although the true reproductive volume will in fact be somewhat overestimated, the error
is probably minor compared to the error in other variables (e.g. fish abundance, spatial
distributions, egg production), and is not likely to affect the result's to a large extent.
Furthermore, the definition of the present threshold levels refer to minimum cond1t19ns
required by the eggs. But egg mortality, e.g. related to oxygen deficiency; is not a knife-
edge effect (Wieland et al. 1994). In addition, larvae hatched at oxygen levels close to the
minimum may have a reduced viability, and thus the reproductive volumes used here are
likely to represent overestimates to an unknown extent. . ' .

Our wind data represent the conditions for the Bornholm Basin. Whereas vad 'dx-
rection should be expected to be much the same over the entire central' Baltic, wind
speeds may differ between Basins. However, distances in the central Baltic .Sea are not
large and indeed, stronger events such as storms are noted even over the entire Baltlc‘ in
the course of only a few days. Taking the integral over 60 days around peak spawning
should therefore account for short delays between the basins. .

Species evolve so as to make optimal use of their habitat. Thus, Baltic cod may be
expected to have adapred to the prevailing summer conditions of overall weak to moder.atc
westerly winds which ensure transport of eggs and larvae to coastal waters for sctdu.xg
(Hinrichsen ez 2/. 1999). The general importance of turbulence and transport for recruit-
ment of different fish species has been demonstrated for upwelling ecosystems (Cury a:nd
Roy 1989, Bakun 1996), with emphasis on moderate conditions under steady wind forcing
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from a constant direction (Cury and Roy 1989; Cury ez al. 1995). Werner et . (1993,
1995) pointed out the importance of advection and turbulence for cod and haddock.

Zooplankton

Total zooplankton abundance was not significant in our regressions. This did not come as a
major surprise, as larvae are not food limited in the Baltic (Graumann 1973; Krajewska-
Soltys and Lingowski 1994; Zuzarte e 4/. 1996). Transport to shallow areas, as reflected in
the wind effect, may therefore be more important to their survival than food availability.

The most important cause of the changes in zooplankron during recent decades is
related to the general increase of organic matter in the zooplankton trophic layer, but also
to the stronger inflow events of North Sea water into the Baltic during the winters of
1969/70, 1975/76, 1980, 1993/94. Especially short-lived forms of zooplankton are
favoured by upwelling of nutrient-rich water from the deep basins along the coast
(Kostrichina and Yurkovskis 1985; Kostrichina ez z/. 1990). Therefore, total zooplankton
may not be an appropriate indicator of the limiting impact resulting from particular
species or size classes. A more detailed analysis of the effect of single 200plankron groups
was beyond the scope of this study.

Stock-recruitment relationships

The fits of the Ricker curves to the two regimes of high and low cod stock-recruitment,
respectively (Figure 7), explained a fair part of the variance in the entire time series, but
even more so for the recent period of low reproductive volume, which is also character-
ized by better data. A break into two regimes, as indicated in the trajectory in Figure 6,
is made plausible by the strong change in the level of the reproductive volume after
1981, representing the carrying capacity of the environment for cod reproduction. When
the environmental conditions were favorable for cod spawning, optimal recruitment
was estimated at 800 000 to 900 000 t of SSB (Figure 6, Table 2). During the past
decade up to present, the reproductive volume was limited, and the Ricker curve sug-
gests optimal recruitment at a SSB of approximately 400 000 to 550 000 t. For man-
agement purposes, the present situation must be taken into account. The curves further
suggest that the probability of low recruitment increases strongly at biomass levels be-
low 250 000 to 300 000 t.

According to the theory, an asymprotic curve should be expected when plotting re-
cruitment per unit parent stock over parent stock. The transformations of egg production
(Figures 9, 10), suggest that this relationship holds even for the entire period. The rela-
tionship emerges very nicely for the recent period of low recruitment, which is also char-
acterized by better data availability.

The reproductive volume enters the multiple regression using ACE in a straightfor-
ward way. Following these results, recruitment is exponentially related to reproductive
volume. Whether recruitment is proportional to a term e (Reproductive Volume) -5 relation.
ship of the form (Reproductive Volume)? is more appropriate, can currently not be de-
cided. The former relationship is suggested from the entire series 1966 to 1994 (Figures
10, 12), whereas the latter is suggested from the most recent years (Figure 13). In any
case, there is no doubt that an increasing reproductive volume benefits cod recruitment in

the central Baltic Sea.
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The transformation of wind energy indicates a strongly nonlinear correlation with
recruitment rate per unit egg production. A minimum was observed for cumulatiYe
wind energies around 60 kW.m2, corresponding to relatively little wind under prevail-
ing westerly wind conditions, as is usually the case for the area. Strong northerly to
casterly and in particular moderate to strong southerly to westerly winds faV(:,\ur recruit-
ment, as these transport cod larvae towards shallower areas. Two wind optima should
also be expected from possible drift towards either southern Sweden or Poland. Under
the recent unfavourable hydrographic conditions in the spawning basins, it may have
been particularly important that the larvae were transported into' shallow water areas as
fast as possible. This could explain the steady increase of recruitment along with in-
creasing southerly or westerly winds during recent years (Figures 12,13). ‘

The effects of reproductive volume and wind energy interact. Egg (Wieland ez a/.
2000) and larval (Grenkjer er al. 1995) abundance was high in the Bornholm Basin
in 1994 under favourable hydrographic conditions (Figure 6A, C). However, due to
missing wind forcing (Figure 8), the larvae were retained in the basin, and year-class
strength was far below what could be expected (Figures 2, 4), but estimated correctly
(Figure 14).

Clupeids

Time series of clupeid stock estimates were not available as long back in time as those
for cod. Hence, it was impossible to investigate their influence on cod recruitment for
the entire data series. During the most recent years, clupeids did not significantly con-
tribute to the regressions, regardless of whether single- or multispecies estimates, only
sprat, only hetring, or the combined biomass were considered. As cod prey on size-
classes of sprat and herring that are potential predators of cod eggs (ICES 1997b), we
did not consider it appropriate to distinguish between total and spawning biomass of
clupeids.

The predator-prey interactions between clupeids and cod, herring and sprat repre-
senting the bulk of the diet of cod (Uzars 1989) while themselves consuming large
numbers of cod eggs, are well documented (e.g. Sparholt 1994; Késter and Schnack
1994; Rudstam ez al. 1994; Koster and Mélimann 2000). It is, therefore surprising that
no significant effect of their biomass could be established. Apparently, the positive ef-
fect that clupeid biomass may have on condition, and consequently on maturation and
viable offspring {Baranova 1989; Nissling and Westin 1996) and the negative effects of
cod egg predation remain hidden in the time series.

Estimates of recruitment

The multiple regression of recruitment per unit egg production on egg production,
reproductive volume and wind energy explained 80 % to 85 % of the variance for the
entire time series, depending on the measure of parent stock. The relationship between
observed and predicted variables is accordingly good, with the possible exception of the
second half of the 1970s (Figure 11) when recruitment was underestimated. This pe-
riod was characterized by a series of high recruitment (1975 to 1980), and the biomass
of adult cod increased accordingly, with a time lag of about three years. Cod prey on
cod juveniles if they are abundant (Uzars 1995), and the underestimates may be due to
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an above-average mortality of small (0- and 1-group) cod during this period, which is
not adequately represented in the single-species VPA.

This line of reasoning is supported by the trajectory of the current MSVPA, which indi-
cates a higher ratio between recruitment and SSB during the late 1970s and early 1980s.
Accounting for cod cannibalism by using MSVPA estimates of stock and recruitment, as
also suggested by Sparholt (1996a), is therefore likely to account for the discrepancy in
our recruitment model without introducing a new variable into the regression.

The period since 1982 is characterized by low cod recruitment and high abundance
of clupeids, and consequently, low cannibalism of cod. Consequently, neglecting canni-
balism on 0- and 1-group cod did not have a marked effect, and more than 95 % of the
variance was explained by parent stock, and the two variables relating to egg and larvae
mortality (adjusted reproductive volume and cumulative wind energy).

Other models of recruitment of central Baltic cod

Sparholt (19964a) related recruitment of 0-group to cod spawning stock biomass (SSB)
estimated from MSVPA, reproductive volume, and sprat SSB. He considered it biologi-

cally plausible that 0-group recruitment would be proportional to cod SSB, assuming

that recruitment was not determined at the larval stage (Graumann 1973). SSB showed a
weak effect in the model. In an alternative model, which allowed for non-proportionality
of 0-group recruits to cod SSB, only reproductive volume was significant as additional
variable, whereas sprat SSB was not. Sparholt (1996b) also estimated 2-group recruit-
ment based on the alternative model, but the agreement between observed and predicted
values was poor for years with low recruitment.

The approaches of Spatholt (19964, b) and ours are comparable, and in fact comple-
mentary. The estimates of a parent stock size of about 500 x 102 t for oprimal cod recruit-

ment under the present conditions are similar. Our study has confirmed the importance

of accounting for cod cannibalism. Large discrepancies exist in the stock assessments for
sprat and herring for different years. This clearly needs further investigations. Notwith-
standing these uncertainties, egg and larvae mortality vary between years, and cumulative
wind energy during the period of larval drift appears to represent an appropriate but non-
linear variable to account for the annual differences. It would follow that the assumption
of proportionality between spawning stock and 0-group recruitment is inappropriate.
Solari et al. (1997) proposed a nonlinear stock-recruitment model for Baltic cod,
based on the assumption of multiple steady-states, characterized by a different carrying
capacity for young cod and by density-independent transitions between the steady-states.
The widely accepted concept of variable carrying capacity of the environment for a
given species forms the basis for our emphasis on reproductive volume. Different density-
dependent effects may tend to stabilize stocks around different equilibria, but for a spe-
cific set of environmental conditions at one particular point in time cannibalism can only
explain a single equilibrium, related to the (higher local) maximum in the stock-recruit-
ment function of Solari e al. (1997). We are not aware of any other density-dependent
mechanism, which would lead to an additional equilibrium under particular biotic and
abiotic conditions. :
The goal of parameterizing the function of Solari ez al. (1997) is ambitious because
the six parameters have to be estimated from a relatively short time series. Also, the bio-
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logical interpretation of the parameters is not straightforward, part.ly due to their mathe-
matical interdependence. Following this approach, the cc?d spawning stock may develop
in an unpredictable way due to the high sensitivity to initial va!ues and coeff?lcxents of tl‘1e
function. The phenomenon of chaos in a mathematical sense, i. e., a small dlstt.lrbance in
any parameter at a given instant may be enhanced m.such a way that the behaviour of the
system depends substantially on the nature of the (.ilsturbance, may be conceptually ap-
pealing. However, it is inconsistent with the fec‘ologlcal context, Yvh'ere the parameters are
not only estimated inaccurately but also exhibit a stochastic variation. o

A modelling approach that is aimed at making predictions based on empirical infor-
mation needs to fulfill minimum requirements of robustness consistent with the amount
of uncertainty in the available data and in the processes. In that light, the use of the Ricker
function as a starting point appears to be more adequate, particularly because it allows for
a clear distinction between two coefficients integrating density-dependent and densiry-
independent effects, respectively. The approach still allows to model the dynamics of cod
recruitment explicitly including environmental variability, as exercised here. ’ .

Alternating periods of high and low abundance of fish stocks have been investigated
in shelf (Cushing 1980; Steele and Henderson 1984) and pelagic ecosystems (Lluch-
Belda et al. 1989; Jarre-Teichmann 1998; Francis et 2. 1998). These have generated lively
discussion on how much change was due to environmental variability and to fishing
activities. Both environmental conditions (through limiting successful egg development
and larvae transport) and exploitation (through influencing the age structure of the stock)
are relevant to the stock size of central Baltic cod. Whereas top-down control of the stock
generated through fishing is well accepted (ICES 1997c¢), the imp!icatio.ns qf the under-
lying environmental regime are not yet explicitly used in producing scientific manage-
ment advice. While future regime shifts may not be predicted, we feel that management
advice may be improved significantly by integrating the available knowledge on environ-
mental variability in the Baltic in routine stock assessment procedures.
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