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Abstract

The decline of the Eastern Baltic cod (Gadus morhua) stock from highest to lowest stock levels
on record throughout the 1980s and early 1990s was caused by a combination of recruitment failure
and increasing fishing pressure at declining stock sizes. The processes driving the reproductive success
are largely understood, but the consequences of these changes for fisheries management are far less
evident. This includes doubts about the adequacy of the biological reference points presently used to
advise on the stock status, and the need of their revision given that environmental changes have affected
stock productivity. Long-term projections suggest that under adverse environmental conditions for
reproduction, harvesting at fishing mortality determined as precautionary may not lead to a recovery
of the stock to a biomass level considered precautionary. Thus, a revision of either the limit fishing
mortality or the limit biomass reference point is indicated. However, an accepted methodology to de-
termine these reference points in situations of changing stock productivity or system carrying capacity
does not exist. Environmental conditions affecting recruitment matter not only for the determination
of limit reference points, but according to long-term simulations also for target fishing mortalities,
being central parts of harvest control rules in several management plans.
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Introduction

The upper trophic levels of the Central Baltic changed
from the mid-1980s to mid-1990s from a cod-dominated to
a sprat-dominated system. The pronounced decline of the
Eastern Baltic cod (Gadus morhua) stock from a historic
high in the early 1980s to lowest levels on record in the
early 1990s (Fig. 1) was caused by a recruitment failure
(Bagge et al., 1994) driven mainly by:

i) anoxic conditions in deep water layers of
eastern spawning sites causing high egg mor-
talities (Plikshs et al., MS 1993, MacKenzie
et al., 2000),

il) high egg predation by clupeid predators in the
remaining productive spawning area (Koster
and Mo6llmann, 2000), and

iii) reduced larval survival due to the decrease
in abundance of the main food item Pseudo-
calanus sp. (Hinrichsen ef al., 2002).

Increasing fishing pressure accelerated the decline of
the stock, with severe management measures entering into
force too late and reducing the fishing mortality only for a
short period of time (Fig. 1). Other processes affect stock-
recruitment as well, e.g. cannibalism is a significant source
of mortality in juvenile cod when abundances are high,
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Fig. 1. Catch and fishing mortality and spawning stock

biomass and recruitment of Eastern Baltic cod from
1965-2006 as estimated by ICES (2007d).

such as in the early 1980s (Sparholt, 1994). Concurrent
to the decline in stock size, other compensatory processes
such as changes in growth, maturation and individual egg
production were apparent; however, these processes ap-
pear to be have limited impact on stock dynamics (Kdster
et al., MS 2005a).

The decline of the cod stock released sprat (Sprattus
sprattus) from predation pressure. In combination with
high reproductive success, due to in general favourable
temperature conditions, this resulted in exceptionally high
sprat stock sizes in the 1990s (Koster et al., 2003). Sprat
affected cod recruitment negatively by acting as a predator
on cod eggs (Koster and Mdllmann, 2000) and Pseudo-
calanus sp. adults (Mollmann et al., 2004), reducing the
production of Pseudocalanus nauplli as food for cod lar-
vae. Also other processes impact on the meso-zooplankton
community (Dippner ef al., 2000; Hinninen et al., 2000),
with the marine copepod Pseudocalanus sp. declining in
abundance, while standing stocks of the neritic copepod
species Acartia sp. and Temora longicornis, being the
major prey of larval sprat, increased. Concurrent changes
in the Baltic ecosystem are also apparent on lower trophic
levels (ICES, 2007a).

The intensity and significance of all these changes,
described as a regime shift (Alheit et al., 2005), are in one
way or another steered by both climatic and hydrographic
conditions, which were since the late 1980s characterized
by prevailing weather with strong westerly winds and

mild winters, above normal rainfall, increased river runoff
and reduced frequency of major inflows (Matthdus and
Schinke, 1994; Hanninen et al., 2000), and by cascad-
ing food web effects associated with the decline of the
cod stock (Casini et al., 2008; Mollmann et al., 2008).
Higher than normal temperatures in the intermediate and
bottom waters were recorded, while salinity and oxygen
concentrations in the deep Baltic basins utilized by cod
as spawning areas declined (Matthdus and Nausch, 2003).
Regional prediction scenarios forecast a trend of increas-
ing temperatures and decreasing salinities to continue
(Meier, 2006), which threatens cod and favours sprat
reproductive success (MacKenzie et al., 2007).

Information on environmental processes affecting
Eastern Baltic cod productivity was reviewed by several
international working groups, with respect to:

1) implications for stock assessment and manage-
ment (ICES, 2007b),

ii) determination of biological reference points
(ICES, 2007c),

iii) interactions between larval cod and zooplank-
ton (ICES, 2005a), and

iv) species interactions affecting stock recovery
(ICES, 2006a).

Based on an estimate of spawning stock biomass
(SSB) of 81 000 t in 2006 in relation to the limit biomass
reference point (B, ) of 160 000 t, the ICES Advisory
Committee on Fisheries Management (ACFM) classified
the Eastern Baltic cod stock as suffering from reduced re-
productive capacity and based on a fishing mortality (¥) of
0.98 in relation to a limit fishing mortality reference point
(F,,) of 0.96 as harvested unsustainably (ICES, 2007d).
In the absence of an agreed management plan at the time
when giving the advice, ACFM (ICES, 2007d) concluded
that the exploitation boundaries for this stock should be
based on the precautionary limits and as the precautionary
biomass (B, ) cannot be reached in 2009 no catch should
be taken in 2008. ACFM (ICES, 2007d) further advised
that a recovery plan should be implemented as a prereq-
uisite to reopening the fishery.

ACFM (ICES, 2005b) recommended a target annual
fishing mortality (¥) of 0.3, which would result in a low
risk to reproduction and high long-term yields and could
form the central part of a harvest control rule. Based on
this advice, the EU commission introduced a long-term
Baltic cod management in July 2007, which specified the
harvest control rule to reduce F by 10% compared to the
year before, until a fishing mortality (average of ages 4-7)
of 0.3 is reached. Interannual changes in total allowable
catches (TAC) should be restricted to £15%, except if F/
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is larger than 0.6, in which case the TAC may be reduced
by more than 15%.

The simulations conducted by ICES (2005¢) formed
the basis for advice on a target F by ACFM (ICES, 2005b)
and considered different stock-recruitment relationships
covering time periods with varying environmental con-
ditions and reproductive success. However the present
advice with respect to precautionary limits does not take
into account any multi-annual changes in stock productiv-
ity that potentially can affect the rate of stock decline as
well as the rate of recovery.

This contribution investigates the effect of environ-
mental variability and changes in stock productivity on
the determination and application of biological reference
points for fisheries management utilizing the Eastern
Baltic cod stock as a case study. The study reviews how
the present limit reference points for Eastern Baltic cod
have been determined and the strength of evidence that
spawning stock biomass influences recruitment, which is a
prerequisite for the determination of present biomass limit
reference points. Secondly, it investigates by simulations
whether present reference points are realistic precaution-
ary limits and whether the adopted target fishing mortality
is robust against changes in stock productivity and species
interactions.

Biological Limit Reference Points as Sign-
posts for Fisheries Management

According to ICES (2007¢) the limit biomass refer-
ence point (B, ) is defined as the SSB below which there
is a substantial increase in the probability of obtaining
reduced (or ‘impaired’) recruitment. The estimate of B,
should be risk averse, so that when the stock is at B, the
probability that recruitment is substantially impaired is
still small, but below B, that probability increases. The
precautionary biomass (Bpa) considers uncertainty in de-
termination of stock status relative to B, and is as such
set higher than B, . The corresponding definition of F',
is the fishing mortality, which in medium- to longer-term
will drive the stock size to B, . F, considers uncertainties
in determination of F relative to F, .

Determination of present reference points

The first attempt to determine B, and B, for the
Eastern Baltic cod stock was conducted by ICES (1998a)
suggesting a B, equaling to B, = of 79 000 t. B, and
F were determmed according to Cook (MS 1998) as
140 000 tand 0.81 , respectively. Data for 19761996 were
used, because assessment data prior to 1976 were judged
to be of poor quality.

ICES (1998b) did not follow these suggestions, but
determined B, as 240 000 t and B, ~as 160 000 t. B
was derived from a Ricker stock-recruitment relationship
(with data covering 1976—-1994) as the SSB at which 50%
of the maximum recruitment (age-group 2) is originated,
following a procedure suggested by Myers et al. (1994).
B, was derived from the B, value as proposed by ICES
(1998a) using:

B,=8B, exp(-1.645 o),
where ¢ is the standard error of the total biomass estimate
from the international bottom trawl survey. A revision of
the weight at age and maturity at age was conducted by
ICES (1997), as time trends in weight at age and maturity
ogives were apparent. F  wassetto0.65or0.75, depend-
ing on whether changes in weight at age are considered or
not, based on medium-term simulations as the fishing mor-
tality at which there is less than 10% probability of SSB
being below B, . The medium-term simulations applied
a Beverton and Holt stock-recruitment relationship fitted
to year-classes 19811995, thus omitting extraordinarily
high recruitment originated in preceding years, assuming
log normal error. This period selection was justified by
changed environmental conditions leading to on average
lower recruitment in the 1980s and 1990s. The underlying
SSB was calculated using the updated weight at age and
maturity ogives from ICES (1997) and for the simulation
part average weight at age for the periods 1992—-1996 and
1983-1987 were applied, the latter being lower than the
former and thus accounting for a declining trend of weight
at age in the 1990s.

ICES (1998c) revisited the F, determination and
based on the same methodology and stock-recruitment
relationship, but slightly changed input data for the
simulation part, F, was determined as 0.65 leading to an
SSB corresponding to the 10% lower fractile of SSB’s
above B,. The simulations utilized an average weight at
age, maturity ogive and exploitation pattern determined
for the period 1995-1997. ACFM in 1998 finally revised
F 10 0.6 as the 5% percentile of F_, derived from a
stochastic stock-recruitment relationship covering year-
classes 1966—1995 applying updated weight at age in the
stock as described above, but period specific maturity
ogives (averages over 5 years) up to 1994 and afterwards
yearly data. The limit fishing mortality F, was set to 0.96
determined as F

med"®

Attempts to revise reference points

ICES (1998, c) suggested that F' reference points
should be determined with a truncated time series to ac-
count for productivity shifts in the Baltic system leading
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to reduced recruitment success since the first half of the
1980s. The impact of such a truncation of the time series
on biomass reference points was explored by ICES (2002)
applying segmented regressions: concluding: “The identi-
fication of time periods corresponding to ‘regimes’ is not
straightforward, and may be an over-simplification of the
true environmental variation. Furthermore, a regime shift
that occurs in one direction could presumably be reversed
at some time in the future, but this may be very hard to
identify or to predict.”

ICES (2003a) worked more conceptually on the links
between reference points, and the related sources of un-
certainty and risk and raised the question of a potentially
negative impact of revising biomass reference points
downwards in a low productivity regime and remaining
fixed to these reference points when changing again to a
high productivity regime.

ICES (2003b) developed a framework for the revision
of reference points, stating with respect to the Eastern
Baltic cod: "The relation between stock and recruitment
(and thus B, ) may change if the natural regime changes.
... In such cases it could be relevant to limit the analysis
to data representing the present regime. Such a procedure
should however be implemented with caution because it
will be difficult to identify the extent of a regime period
and because a precautionary approach should include a
consideration that the regime may have changed recently
or may do so in the near future.”

ICES (2005d) dealt with the necessity to revise the
limit reference points for Eastern Baltic cod stating that
the stock has been below or close to B, ~for 15 years
and there are no indications that recruitment has been
further diminished due to this low stock size. Instead
the indications are that the reduction in recruitment is
primarily environmentally driven and that the spawning
stock has decreased following the decline in recruitment
rather than vice versa. As a result it is difficult to justify
the existing B, , although for similar reasons it is equally
difficult to suggest a more appropriate value. Based on the
segmented regression approach, ICES (2005d) determined
a breakpoint to be approximately 90 000 t, representing a
candidate for replacement of B, .

ICES (2006b) noted that there is a tendency to down-
play the role of limit reference points for management
advice in favour of target reference points (ICES, 2005c,
2006c¢), but that limit reference points are likely needed
for establishment of future management plans and evalu-
ation of these to be precautionary. While a limit reference
point indicates a state of a fishery and/or a resource which
is considered to be undesirable and which management

action should avoid, a target reference point indicates to
a state of a fishery and/or resource which is considered
to be desirable and at which management action should
aim (Caddy and Mahon, 1995).

Adequacy of present reference points

The present fishing mortality reference points are
based on an assessment revised with respect to weight
at age and maturity ogives in 1997, while the biomass
reference points are based on an older assessment. The
biomass reference points are based on the data series from
1976 onwards, while the F reference points determined by
ACFM in 1998 are based on the entire time series since
1966. Additionally, discards have been included in recent
assessments. As such the F and biomass reference points
are not consistent and the biomass reference points cannot
be considered as adequately determined.

These inconsistencies are also obvious from simu-
lations conducted by ICES (2005c, d) suggesting that
rebuilding to B, in the medium-term is impossible when
fishing at F, and that rather a reduction to about half of
F, is required to achieve B . These results are further
explored in subsequent sections below.

Based on elaboration by ICES (2002, 2003b), the
apparent change in productivity should be considered by
identifying environmental regimes, either by separating
time series into shorter periods of similar environment, but
preferably by incorporation of the environmental drivers
into stock-recruitment relationships. A determination of
biomass reference points for a specific productivity regime
requires rules on revision procedures to be invoked if the
regime shifts into another state, with indicators how to
measure these being in place and monitored. This includes
as well rules on related time lines of actions and identifica-
tion of factors. ICES (2007¢) acknowledged this, but was
unable to give guidance on methodology to be applied for
the determination of limit reference points under shifting
environmental conditions.

To carry this discussion forward requires answering
two questions. If environmental conditions drive recruit-
ment success and environmental conditions change over
time: can we detect a SBB, below which recruitment is
impaired and can we rebuild the stock to present biomass
reference points or to other levels?

Impact of the Spawning Stock
on Recruitment

Inspecting time trends in stock and recruitment,
reveals a high reproductive success at intermediate SSB
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values in the 1970s and declining reproductive success
at historically high spawning stocks from 1981 onwards.
This stock dynamics leads to a stock-recruitment rela-
tionship having two levels with a transition period with
reduced recruitment originating from high SSB’s in
1980-1982 (Fig. 2). Since 1987 recruitment appears to
be largely independent of the SSB. This result also does
not change if applying instead of age 2 recruitment from
the standard XSA assessment (ICES, 2006b), age 0 or 1
recruitment from MSVPA runs (ICES, 2006d). On the
contrary, accounting for cannibalism increases the dif-
ference in level between recruitment prior to and after
1982. Additionally, the transition period from high to a
low recruitment regime at similar SSB’s is also longer,
lasting from 1979 to 1983 (Fig. 2). An assessment of the
Eastern Baltic cod extending backwards until the 2° World
War (Eero et al., 2007) indicated that stock productivity
was higher in the 1950s and 1960s compared to the 1990s,
but lower than during the 1970s. Correspondingly, the
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Fig. 2. Stock-recruitment relationship with indicated time line
from standard stock assessment (ICES, 2006b) (upper
panel), MSVPA (ICES, 2006d) (middle panel) and an
extended stock assessment (Eero et al., 2007) (lower

panel).

characteristic two level stock-recruitment relationship
still prevails (Fig. 2).

Comparing the distribution of the SSB with the repro-
ductive volume sustaining egg survival (MacKenzie et al.,
2000) in the different spawning areas (Fig. 3) indicates a
large portion of the egg production in the Gotland Basin in
Sub-division (SD) 28 spawned during the late 1970s and
early 1980s in unsuitable environments. Since the early
1980s hydrographic conditions were also adverse in the
Gdansk Deep (SD 26), when especially from 19861992
virtually no reproductive volume was present (Fig. 3).
The only spawning site regularly sustaining successful
egg development was the Bornholm Basin (SD 25). This
is confirmed by low egg and larval abundances in eastern
spawning areas since 1986 as well as low recruitment
originating from these areas (Fig. 3). After the major in-
flow in 1993, oxygen concentrations allowed successful
egg development in the Gdansk Deep in 1993 and 1994,
while conditions in the Gotland Basin remained unfavour-
able as the inflowing water replaced near bottom water
layers with eggs developing in the intermediate oxygen
depletion zone (Plikshs ez al., MS 1999). A similar process
is anticipated for the 2003 major inflow, indicating that
single major inflow events are in general not sufficient
to improve reproductive conditions in eastern spawning
areas (ICES, 2004).

Recognizing the decline in reproductive success be-
ing caused by losing two out of three effective spawning
areas, it is straightforward to assume that the SSB in SD
25 is the only reproducing part of the stock since 1981. Re-
moving the SSB located in eastern spawning areas, derived
from an area disaggregated MSVPA (K&ster ef al. (2001a)
updated according to ICES (2006d)), from the stock-
recruitment relationship after 1980, removes the character-
istic time pattern in the stock-recruitment plot and yields
an almost linear stock-recruitment relationship (Fig. 4).
However, there is still no stock-recruitment relationship
apparent since the late 1980s.

A relationship of recruitment per unit of reproduc-
tive volume against SSB is significant at high, but not at
low reproductive volumes (Fig. 5), indicating that under
favourable environmental conditions for egg survival in
all three spawning areas, a low SSB is a limiting factor
for reproductive success. In turn high spawning stock size
in eastern spawning areas without favourable reproduc-
tive conditions will likely have only a limited impact on
recruitment. However, trawl surveys (Tomkiewicz and
Koster, MS 1999) and commercial CPUE data (Lablaika
and Lishev, MS 1961) show that spawning migrations
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stock since 1981, i.e. SSB from Sub-division 26 and
28 excluded from the relationship in 1981-2004.

by some of the spawners from eastern spawning areas
into the Bornholm Basin exist. Thus some of the SSB in
eastern spawning areas contributes to recruitment even
under unfavourable environmental conditions by moving
to and reproducing in more suitable areas. On the other
hand, some spawners apparently stay and reproduce in
the unfavorable areas as seen by ichthyoplankton data

(Fig. 3).

All statistical exploratory analysis conducted for
Eastern Baltic cod considering environmental factors,
include SSB or potential egg production as a significant
variable (Sparholt, 1996, Jarre-Teichmann et al., 2000).
This holds also for an analysis revisiting spatially explicit
environmentally sensitive stock-recruitment models estab-
lished by Kdster et al. (2001b), but now based on enhanced
process understanding as well as new and updated time
series for all variables. Variables included potential egg
production by the spawning stock (PEP), oxygen related
egg survival (OES) and in SD 25 the predation related egg
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Fig. 5. Recruitment at age 2 per unit of reproductive volume
vs. spawning stock biomass at low, i.e. <100 km? (upper
panel), intermediate, i.e. 100-200 km® (middle panel)
and high, i.e. 2200 km® reproductive volume (lower

panel).

survival (PES) as presented by Kdster ef al. (2005b), as
well as prey availability for first feeding larvae. The latter
was represented by the product of Pseudocalanus sp. nau-
plii abundance during the main spawning time and pursuit
success probability, calculated by utilizing a regression
model for describing the influence of turbulent veloc-
ity on larval feeding success (MacKenzie and Kierboe,
2000). To account for cannibalism the stock-recruitment
relationships were fitted to 0-group abundance from area
disaggregated MSVPA output (ICES, 2006d).

PEP was significantly related to 0-group recruitment
in all SDs, however in SD 25 it explained only limited
variability in recruitment. Utilizing PEP x OES or PEP
x OES x PES as an independent variable improved the
relationships in SD 25 substantially, while this was not
the case in eastern SDs (Table 1). The In-transformed
relationships of PEP and recruitment outperformed linear
relationships. A positive effect of including OES was obvi-
ous for SD 26 only, otherwise the simplest model, i.e. PEP
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as the only variable, explained variability in recruitment
best in the In-transformed relationship (Table 1).

Representing food availability together with PEP
in a multiple linear untransformed regression improved
the explained variance in recruitment compared to those
obtained when utilizing PEP alone (Table 1). However,
PEP was an insignificant variable in SD 25 and SD 26. In
the In-transformed model PEP was significant in SD 26
and 28, but food availability only in SD 25 and SD 26.
Including pursuit success as a factor in prey availability
always improved the fit, but only marginally.

Modifying PEP for egg survival in the multiple
regressions together with food availability, revealed im-
provements in the un-transformed relationship (Table 1),
with surviving egg production and prey availability being
always significant variables. The Durban-Watson statistics
however indicated serial autocorrelation in residuals for
SD 26. The In-transformed models behaved similar to
the un-transformed for SD 25 and SD 26, with complex
models having the overall best fit and all variables being
significant (Table 1). However, in SD 28 most variability
in recruitment was explained by a simple relationship to
PEP. A tendency to autocorrelation in the residuals was
encountered in all areas.

In conclusion it can be stated that SSB impacts
recruitment. The magnitude depends on environmental
conditions sustaining egg and larval survival. Environ-
mental conditions vary in time and space, which implies
that the distribution of the stock matters as well. However,
also stock structure matters, a factor not considered in the

J. Northw. Atl. Fish. Sci., Vol. 41, 2008-2009

above statistical tests. A truncated age structure has a nega-
tive effect on offspring survival as larger females produce
on average larger eggs, having higher buoyancy and thus
being incubated at higher oxygen concentrations (Vallin
et al., 1999; Cardinale and Arrhenius, 2000). All of the
above indicates that simple biomass limit reference points
are not able to account for complex environment and re-
cruitment interactions, confirming doubts about their use
in fisheries management (Marshall ez al., 2003). Also F
based reference points based on simple spawning stock
biomass considerations are sensitive against neglecting
demographic variation in spawning stock characteristics
(Murawski et al., 2001).

Simulations

Single- and multispecies long-term simulations were
conducted using the SMS package (Lewy and Vinther,
MS 2004) which previously has been used to evaluate
harvest control rules for blue whiting (Micromesistius
poutassou) (ICES, 2006e), sandeel (Ammodytes marinus)
(ICES, 2007¢) and Norway pout (Trisopterus esmarki)
(ICES, 2007f). Methodologically, harvest control rules are
evaluated by SMS in a very similar way as by the STPR3
programme used by ICES (2005¢) to evaluate harvest
control rules for Baltic cod. Like the STPR3 programme,
the SMS approach does not simulate the full annual cycle
of assessment and projection. Instead, it is assumed that
the real stock size can be “observed” with some bias and
noise and it is this “perceived” stock that forms the basis
for the use of the harvest control rule. The true stock size
is assumed to be known in the first projection year and is
later updated by recruitment and catches from application
of the harvest control rule.

TABLE 1 Explained variation and significance in single and multiple linear regression of
recruitment (age 0 from MSVPA 1974-1999) by different variables and com-
bination of variables (PEP: Potential egg production, OES: Oxygen related egg
survival, PES: Predation related egg survival, Pp: Pseudocalanus sp. nauplii
abundance, T: Pursuit success).

Variables SD 25 SD 26 SD 28
Ln PEP 0.36** 0.53%** 0.84%**

Ln (PEP*OES<PES) 0.24* 0.70%** 0.71%**
PEP 0.20* 0.52%** 0.62%**
PEP<OESPES 0.42%* 0.52%** 0.45%**

Ln PEP & Ln PpT 0.5]1ns1 & ** 0.63% & * 0.80%**1 & ns
PEP & PpeT 0.59 ns& *k* 0.66 ns& *** 0.67* & **
Ln (PEP*OES<PES) & Ln PpT 0.70%**1 & sk 0.82%H*1 & % 0.73%*1 & *
PEP+OESPES & PpT 0.74%* & okok 0.72%! & sk 0.67% & ***

Significance of variables: ™ p >0.05, * p <0.05, ** p <0.01, *** p <0.001; Mallows’ Cp statistics does

not suggest exclusion of any variables.

! Durbin Watson statistics suggest autocorrelation of residuals.
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The SMS model was not only applied in long-term
simulations, but also used to estimate historical stock
sizes, fishing mortality and recruitment. It uses a maxi-
mum likelihood technique for fitting observations of catch
at age, CPUE at age, SSB and recruitment as well as
stomach contents in multispecies runs. In multispecies
runs, changes in cannibalism intensity and their effect on
stock dynamics were explored. Decadal changes in cod
cannibalism have been described by Uzars and Plikshs
(2000). During 1963—1979 the distributions of young
and adult cod were widespread, but separated in time
and space, resulting in overall low cannibalism. When
the biomass of clupeids decreased in the late 1970s,
competition for food increased as did cannibalism. In the
late 1980s, unfavourable oxygen conditions in the bottom
water affected the benthic community negatively, and cod
shifted from a benthic to a more benthopelagic mode of
life utilizing mysids and sprat as a food resource (Uzars
and Plikshs, 2000). This distribution pattern is believed to
have reduced cannibalism pressure substantially, which is

confirmed by recent stomach content sampling (Because,
2007). A pronounced time trend in cod cannibalism is as
well apparent from MSVPA runs (ICES, 2003c¢) applying
the 4M model (Vinther, 2001). On average 50% and 30%
of the 0-group and 1-group cod were removed from the
stock by cannibalism during the 1970s and early 1980s,
respectively. During the 1990s the corresponding values
were below 20% and 10%, respectively.

To test for the effects of changes in cannibalism, SMS
runs were performed with the entire stomach content data
set (1977-1993) as well as the dataset reflecting the period
of high (1977-1986) and low cannibalism (1987—-1993).
SMS was also used to conduct runs with a constant natural
mortality with time and age as used by most ICES assess-
ments. In the single species model, a residual mortality of
0.2 per year was assumed for all age groups.

For comparison of model performance in the simula-
tions, five different recruitment models were defined and

TABLE 2. Eastern Baltic cod stock-recruitment relationships derived from

SMS runs with different combinations of time spans and cannibal-
ism scenarios; with o for the hockey stick function: slope of the
ascending limb and B: inflection point (recruitment = exp(a)*min
(SSB, B)); for geometric mean recruitment exp(a) gives the mean;
std: standard deviation of the estimated log (recruitment). In the
SMS runs, maximum likelihood a priori weights on SSB/R “ob-
servations” were down-weighted by setting the value to 0.1, except
for all hockey stick stock-recruitment functions fitted with inflec-
tion point at 160 000 t; here the a priori weight was set to the
default 1.0 to avoid too large of standard deviations on the SSB/R
parameter estimates. The error distribution for stock-recruitment

relationships is log-normal with no bias correction.

Model type o B std

Single species hockey stick 1974-2005 0.626 160 000 0.59
Single species hockey stick 1987-2005 0.538 92 000 0.24
Single species hockey stick 19872005 0.257 160 000 0.40
Single species geometric mean 1974-2005  12.444 0.64
Single species geometric mean 1987-2005  11.945 0.24
Multispecies hockey stick 1974-2005 1.297 160 000 0.89
Multispecies hockey stick 1987-2005 0.932 92 000 0.19
Multispecies hockey stick 1987-2005 0.653 160 000 0.33
Multispecies geometric mean 1974-2005 13.334 1.22
Multispecies geometric mean 1987-2005 12.340 0.20
High cannibalism hockey stick 1974-2005 1.234 160 000 0.86
High cannibalism hockey stick 1987-2005 0.891 92 000 0.19
High cannibalism hockey stick 1987-2005 0.597 160 000 0.26
Low cannibalism hockey stick 1974-2005 0.953 160 000 0.68
Low cannibalism hockey stick 1987-2005 1.586 92 000 0.30
Low cannibalism hockey stick 1987-1994 1.051 160 000 0.24
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combined with the above mentioned four configurations
of cannibalism, which mimic possible combinations of
recruitment and species interaction regimes (Table 2).
“Hockey stick” stock-recruitment relationships with
breakpoints of 92 000 t and 160 000 t were fitted to
recruitment at age 0 including year-classes 1987-2005
and 1974-2005. When applying the entire data series
1974-2005, only a breakpoint of 160 000 t was used.
There are some differences to the simulations conducted
by ICES (2005¢). Using age-group 0 instead of 2 restricts
data availability backwards to 1974, as multispecies stock
assessments do not cover prior periods. Secondly, for the
extended time series only an inflection point of 160 000 t
was used. Applying an inflection point of 356 000 t (ICES,
2005c) resulted in a poor fit to the data.

While SSB values are almost identical in our differ-
ent stock-recruitment relationships, recruitment varies
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Fig. 6.

over a wider range; refer to Fig. 6 for the combined im-
pact of truncating the time series and choosing different
levels for the inflection point. As a further alternative,
the geometric mean recruitment from respective time
periods 1987-2005 and 1974-2005 was used, assuming
recruitment to fluctuate independent of SSB. In multispe-
cies predictions, recruitment of herring is drawn from a
Ricker stock-recruitment at age O relationship, fitted to
the whole time series (1974-2005), while sprat recruit-
ment at age 0 is estimated as a geometric mean over the
years 1990-2005.

Start populations in the beginning of 2006 were
derived from SMS assessments using the specified year
range for SSB per recruit data and optional stomach con-
tents data for multispecies runs. Exploitation patterns were
derived by averaging F in the period 1996 to 2005. Other
input data were taken from ICES (2006d), i.e. mean weight
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Stock-recruitment relationships for Eastern Baltic cod derived by SMS run in single- and multispecies

model fitted to data for the period 1987-2005 with an inflection point of 92 000 t and 160 000 t, as well
as for the entire data series 1974-2005 with an inflection point of 160 000 t. The lines show the mean

value and +1 and +2 standard deviations.
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in the sea and food rations averaged from 1995-2004 and
maturity ogives kept as in the 2006 assessment by ICES
(2006b). Due to a highly fluctuating cod stock in some
multispecies scenarios, the simulations were conducted
until 2059 with an assumed equilibrium condition being
reached after 2055. In all these simulations, no assess-
ment or implementation errors or retrospective bias were
applied.

The results from the long-term simulations suggest
that there is a less than 5% probability of SSB being below
B, at F' of 0.55 even under low recruitment scenarios
(time period 1987-2005, inflection point of 92 000 t).
Recovery to B, (less than 5% probability of SSB below
Bpa) requires F' below 0.4 (Fig. 7). Whether one assumes
a stock-recruitment relationship with breakpoint at
92 000 t or geometric mean recruitment derived from the
same period hardly affects the simulation results. As an
inflection point of 92 000 t is relatively low and stock
sizes will fall below this inflection point only at high F,
recruitment is basically log-normally distributed around
the average recruitment at the plateau for low to mid-level
F. Assuming cannibalism or not makes a difference only
for the F" at which the stock recovers to B for recovery
to B, it is insignificant (Fig. 7), because of the relatively
low adult stock size.

Simulation results from applying a 160 000 t inflec-
tion point for fitting a stock-recruitment relationship to

Probability against B,
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data from the period 1987-2005 suggests F up to 0.6-0.65
to be robust against B, (Fig. 7). Simulations including
cannibalism are somewhat less optimistic, especially with
respect to recovery to B, which requires F of below 0.35
compared to the single species simulation which suggests
that a F below 0.45 is sufficient.

Assuming high recruitment allows rebuilding to B,
at ' of 0.75 to 0.83, with applying a stock-recruitment
relationship sustaining higher F'than applying a geometric
mean (Fig. 7). Whether one assumes cannibalism or not
has only very limited impact on the simulation results. For
rebuilding to B, however, the assumption about cannibal-
ism matters. £ of 0.54 and 0.63 are sufficient to rebuild
to B in the single species scenario, while it is only 0.44
and 0.54 in the multispecies scenario. At higher F, the
risk of SSB being below B increases more rapidly with
increasing F in the single species than in the multispecies
scenario, i.e. multispecies probability curves are in general
flatter. The compensatory mechanism of cannibalism gives
more stability against high F, however it requires lower F'
to reduce the risk of being below B (Fig. 7). Assuming
a geometric mean recruitment requires lower F to avoid
the biomass limit reference points than assuming a stock-
recruitment relationship.

The simulated SSB at equilibrium shows independent

of the recruitment model a steeper decline with fishing
mortality in the single species compared to the multi-
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Fig. 7. Probability of spawning stock size being at or below B, and B, at different fishing mortalities, assuming single
(SS) or multispecies (MS) interactions and different recruitment models fitted to different time periods with low
recruitment (1987-2005, stock recruitment relationships (SRR) with inflection points 92 000 t as dashed lines and
160 000 t as dashed lines with points both black and green, geometric mean recruitments (GM) as dashed lines
in red and yellow) and the entire time series (1974-2005, stock recruitment relationships (SRR) with inflection
points 160 000 t as solid lines in black and green, geometric mean recruitments (GM) as solid lines in red and
yellow); horizontal lines represent the 5% (red) and 50% (black) percentile, respectively.
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Fig. 8. Equilibrium spawning stock size (50% and 5% percentile) and corresponding yield at different fishing mortalities

in single (SS) and multispecies (MS) simulations with stock-recruitment models fitted to different time periods
with low recruitment (1987-2005, stock recruitment relationships (SRR) with inflection point 92 000 t as dashed
lines in black and green, geometric mean recruitments (GM) as dashed lines in red and yellow) and the entire
time series (1974-2005, stock recruitment relationships (SRR) with inflection point 160 000 t as solid line in

black and green, geometric recruitments (GM) as solid lines in red and yellow).

species simulations (Fig. 8). Using a stock-recruitment
relationship or a geometric mean recruitment creates only
limited differences in the low recruitment scenario, but
also in the multispecies high recruitment scenario the dif-
ferences are marginal. Clearly, the largest differences are
caused by using different time periods to fit the recruitment
model. From comparison of the 5% and 50% percentile
(Fig. 8) it is obvious that the probability distributions of
both SSB and yield are considerably narrower in the low
recruitment scenario. Single species simulations result in
a steeper decline in SSB with increasing F and a decline
in yield with increasing F (in the range of F from 0.3 to
1.0 considered). In contrast, multispecies simulations
show increasing catches with increasing F, at least up to
an F of 1.0. However, the probability distribution of the

yield flattens, i.e. the 5% percentile declines at £ above
0.5 t0 0.6.

Assuming high or low cannibalism, i.e. recruitment
based on SMS runs using stomach content data from
the period 1977-1986 and 1987-1993, respectively
shows only limited impact on the equilibrium SSB and
yield (Fig. 9). The simulation results are more sensitive
against the choice of the data period for fitting the stock-
recruitment relationship. Applying an inflection point of
160 000 t for the time series 19872005 results in slightly
higher SSB and yields than when using an inflection point
0f 92 000 t until an F of 0.8. At higher F, the simulation
run with the higher inflection points shows drastically
reducing SSB and yield, which can be explained by the
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1987-1994, red lines) and stock-recruitment relationships fitted to different time periods with low recruitment
(1987-2005, inflection point 92 000 t as dashed line and 160 000 t as dashed line with points) and the entire
time series (1974-2005, inflection point 160 000 t as solid line).

fact that SSB is getting below the inflection point invok-
ing a real dependence of recruitment on stock size. High
recruitment and high cannibalism as well as low recruit-
ment and low cannibalism, i.e. the most likely combination
of scenarios, result in the steepest yield increases with
fishing mortality.

These results indicate that target F’s are sensitive to
environmental changes affecting the reproductive suc-
cess of fish stocks. The form of the stock-recruitment
relationships matters, with hockey stick stock-recruitment
relationships and geometric means behaving very similar
as long as the biomass is above the inflection point. Thus,
the choice of the inflection point is important when ap-
plying a hockey stick model. Utilizing an inflection point
corresponding to B, of 160 000 t results in /" of 0.62 to
0.65 maintaining the stock with a 95% probability above
B, ,compared to 0.55 when applying an inflection point of
92 000 t. The corresponding [ for avoiding B, is around
0.35-0.45 and 0.3-0.35, depending on whether cannibal-
ism is considered or not.

Conclusions

Present limit reference points for the Eastern Baltic
cod stock are not determined adequately. Biomass and
fishing mortality reference points are based on two dif-
ferent stock and recruitment time series covering periods
with quite different reproductive success. The assess-
ment input data have been substantially revised before
determining fishing mortality reference points, while an
older assessment output was used for the determination
of the biomass reference points. Additional changes in
the assessment input were introduced since then, without
revision of the reference points.

The dependence of recruitment on environmental
conditions and the fluctuation of recruitment at low levels
apparently independent of the size of the spawning stock
or the magnitude of egg production since 1987, does not
imply that the spawning stock biomass has no significant
impact on recruitment. All statistical analyses that con-
sider environmental factors, include SSB or potential egg
production as significant variables.
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Removing the spawning stock biomass located in
eastern spawning areas in years with unfavourable condi-
tions from the stock-recruitment relationship, removes the
characteristic two level time pattern in the stock-recruit-
ment plot and yields an almost linear stock-recruitment
relationship. Similarly, stock-recruitment relationships
utilizing recruitment per unit of reproductive volume as
a measure of reproductive success indicate that a low
spawning stock biomass is likely a limiting factor for
recruitment under favourable environmental conditions.

Long-term simulations suggest that fishing at F, of
0.6 may not rebuild the stock, neither to Bpa when apply-
ing a hockey stick stock-recruitment relationship based
on data covering a period of low reproductive success
(1987-2005) with an inflection point of 160 000 t, nor to
B, when applying the same data and an inflection point of
92 000 t. Applying a geometric mean recruitment instead
of using a stock-recruitment relationship, yields in general
more conservative stock and yield trajectories, but the
differences are limited for the low recruitment scenario
as long as SSB stays above the inflection point. Including
cannibalism in the simulations makes a difference only
for stock recovery to B, ; for recovery to B, itis of very
limited importance, because of the relatively low adult
predator stock size.

In contrast, the present F , may be sustainable in a
high productivity system as indicated by single species
simulations. Including cannibalism results in somewhat
less optimistic trajectories, with a 10% probability of
stock size being below B, when fishing at /. At higher
F, the risk of SSB being below B, is increasing faster
with increasing F in singles species simulations, i.e. the
compensatory mechanism of cannibalism gives more
stability against high F, however, it requires lower F' to
reduce the risk of being below B, .

Simulated SSB and yield at equilibrium depend
mostly on the time span used to fit the recruitment model,
of next importance being the choice of the inflection point
defining the SSB below which there is a relationship
between SSB and recruitment. Assuming low inflection
points (or geometric mean recruitment) creates in multi-
species simulations increasing yield curves with 7, which
is counter-intuitive and is also not the case in multispecies
simulations using stock-recruitment relationships with
higher inflection points. Choosing different stomach con-
tent data, representing periods of high and low cannibalism
has only limited impact on the simulation results.

In conclusion, any projection of biomass and yield
trajectories requires quantification of the impact of SSB on
recruitment. Simulations without having this information

may be highly misleading, both on an absolute scale, i.e.
biomass and yield, but to a lesser extent also on relative
scale, i.e. the F' at which high long-term yield and stable
stock size are sustained. The present target F'is at the lower
end of potential candidates and, thus can be assumed to
be robust against these uncertainties, as well as against
limited assessment errors and bias.

To optimize fisheries, changes in stock productiv-
ity need to be considered when defining harvest control
rules, either by constructing time series reflecting similar
productive states or by direct inclusion in environmen-
tally sensitive stock-recruitment relationships. The latter
would relieve the scientific community and managers
from discussing how to adapt our management procedures
and goals to shifting regimes, but at present no method-
ology exists to be applied for the determination of limit
and target reference points under shifting environmental
conditions.
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