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Abstract

Fisheries management measures often include spatio-temporal closures during the spawning
period of the fish with an overarching aim of improving the stock status. The different
mechanisms how a spawning closure potentially can influence the stock are often not
explicitly considered when designing such closures. In this paper, we review and synthesize
the available data and knowledge on potential effects of the implemented spawning closures
on cod in the Baltic Sea. The Baltic cod example represents a relatively data rich case, which
allows demonstrating how a closure might affect different parameters of stock status via
different mechanisms, including potential unintended negative effects. We conclude that
designing relatively small area closures appropriately is highly complex and data demanding,

and may involve tradeoffs between positive and negative impacts on the stock. Seasonal
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closures covering most of the stock distribution during the spawning time are more robust to

data limitations, and less likely to be counterproductive if suboptimally designed.
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1. Introduction

Fisheries management measures frequently include spatio-temporal closures as a supplement
to catch or effort limitations and gear regulations (Murawski et al., 2000; Roberts et al.,
2005). The Marine Protected Area (MPA) type of closures, where fishing activities are
restricted or forbidden all year round generally have a wider aim of preserving biodiversity
and meeting various nature conservation objectives (Halpern, 2003; Lester et al., 2009). To
enhance a particular fish stock, seasonal closures during the spawning time of the population
in concern are often used, the so-called spawning closures. There are numerous studies and
ongoing debates on the effects of MPAs (e.g., Pendleton et al., 2017), while spawning
closures and related benefits to fish stocks have received comparatively less attention in the

literature so far.

Spawning closures can reduce overall fishing mortality of target species, especially when
these are forming large spawning aggregations (Russell et al., 2012; Griiss et al., 2014). In
case of no targeted fishery for a particular stock, spawning closures could reduce bycatch
(O’Keefe et al., 2014). For fish stocks, where the overall fishing mortality is regulated by
other measures, such as total allowable catch (TAC), the benefits from spawning closures are
suggested to include greater reproductive output, positive effects on stock structure and
reduced evolutionary effects of fishing (van Overzee and Rijnsdorp, 2015 and references
therein). However, such effects are often difficult to demonstrate convincingly, and are
possibly case specific. Therefore, case specific monitoring and evaluation of the established
closures are needed as part of a management process to allow for possible adaptations as well

as communication of their effectiveness (Pomeroy et al., 2005).

In this paper, we synthesize the state-of-the-art scientific knowledge on possible effects of the
established spawning closures on cod in the Baltic Sea. We are specifically interested in
distinguishing between different mechanisms how a spawning closure potentially could affect
the cod. The Baltic cod provides a relatively data rich example, allowing to identify tradeoffs
that may be involved when a spawning closure affects various aspects of the stock status via
different mechanisms. Furthermore, different types of spawning closures are implemented in
the Baltic Sea. Therefore, the Baltic cod example allows us addressing their relative

advantages, especially in situations when scientific knowledge is limited, which may partly be
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the case even for stocks generally considered as data-rich. The present study is intended to
guide future monitoring and research efforts as well as inform debates and decisions on the

design and use of spawning closures in fisheries management in the Baltic Sea and elsewhere.

2. Background of cod stocks and fisheries management measures in the Baltic Sea

There are two genetically distinct populations of cod (Gahus morhua) in the Baltic Sea,
eastern (EB) and western (WB) (Nielsen et al., 2003; 2005). Since 2004, these are managed in
two separate areas, corresponding to the International Council for the Exploration of the Sea
(ICES) Subdivisions (SD) 25-32 and 22-24, respectively (Fig. 1). Both the EB and WB cod
occur in SD 24 (Hiissy et al., 2016). Cod in the Baltic Sea is a target species for fisheries with
demersal trawls and gill-nets, and managed by total allowable catch (TAC). Technical
measures including various regulations on fishing gears and a minimum conservation

reference size are in place.

The EB cod biomass was record high in the 1970s—1980s, after which it substantially declined
due to a combination of unfavourable environmental conditions for reproduction and a high
fishing pressure (Bagge et al., 1994). In recent decade, fishing mortality is estimated
substantially lower, though is presently considered still above the management target and the
stock size has declined after a small recovery observed in the late 2000s (ICES, 2018a). The
fishing mortality of WB cod is estimated well above the management target in the entire time
series and the spawner biomass has been below the reference level since 2009, though is

predicted to increase in coming years (ICES, 2018a).

In 1995, a few years after the major decline of the EB cod stock in the late 1980s, a
prohibition to fish cod from June to August in the EB Sea was introduced (IBSFC, 1994). In
1998, additionally an area closure for all fishing activities was established in the essential cod
spawning area in the Bornholm Basin (BB) (Fig. 1) in the period from mid-May to the end of
August. In the following decade, the timing of these closures as well as the size and shape of
the area closure in the BB were modified several times. These changes were not based on a
well-defined biological mechanism and it is unclear how these closures were expected to
contribute to rebuilding of the stock (Suuronen et al., 2010). In 2006, additional area closures

were established in the Gdansk Deep (GD) and Gotland Basin (GB) (Fig. 1). In the first EU
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management plan for cod (EU, 2007), effort limitation in the EB Sea included a prohibition of
all cod fisheries from July 1 to August 31, from here on referred to as a seasonal closure.
Additionally, the plan included a prohibition of any fishing activities in the three designated
areas (Fig. 1) from May 1 to October 31, which are referred to as area closures. In the WB
Sea, a seasonal closure was in effect from April 1 to 30. In the new EU Baltic multi-annual
management plan (Baltic MAP) (EU, 2016), seasonal closures in both the EB and WB Sea
were lifted, while the area closures in the EB Sea were maintained (Table 1). According to the
Baltic MAP, supplementary measures need to be applied when the stocks are in poor state,
which can include spawning closures (EU, 2016). In practice, a seasonal closure from
February 15 to March 31 was implemented in the WB Sea in 2016, further extended to
February 1- March 31 in 2017-2018 (Table 1). In the EB Sea, a seasonal closure in SDs 25—
26 was re-introduced for 2018. There are exemptions in place for vessels <15 m (in 2017 in
WB) or <12 m (in 2018 in EB and WB) if they can demonstrate that they do not fish for cod

in areas deeper than 20 m.

Table 1. Overview of the seasonal (SC) and area closures (AC) for cod fisheries enforced in
the Eastern Baltic (EB) and Western Baltic (WB) management areas under the present EU
management plan (EU, 2016). See Fig. 1 for location of the area closures in Bornholm Basin

(BB), Gdansk Deep (GD) and Gotland Basin (GB).

EB management area WB management area

2016-2018: 2016:

AC: May 1-October 31 (BB, GD, GB) SC: February 15-March 31 (SD 22-24)
2018: 2017-2018:

SC: Julyl-August 31 (SDs 25-26) SC: February 1 —March 31 (SD 22-24)

3. Material and Methods

3.1 Defining potential objectives for the cod spawning closures in the Baltic Sea
The overarching aim of the cod spawning closures in the Baltic Sea is improving the stock
status. The legislations do not specify further, which parameters of stock status the closures

are intended to improve, and through which mechanisms. According to the literature, potential
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benefits of spawning closures as a supplementary management measure can include greater
reproductive output, positive effects on stock structure, reduced evolutionary effects of fishing
and reduced impact on spawning habitat (e.g. van Overzee and Rijnsdorp, 2015 and
references therein). We focused our analyses on the potential effects of the spawning closures
on cod recruitment, distinguishing between three different mechanisms. These included direct
effects of the closures on:

1) the quantity and quality of egg production by ensuring undisturbed spawning

activity;

i) preserving the spawners whose offspring have a higher survival probability;

iii) increasing the proportion of larger/older individuals in the stock.
Further explanation of how the cod recruitment could benefit from these potential effects of
spawning closures is provided in section 4. We focus on these selected potential effects of the
closures because of their relevance for the Baltic cod and the availability of scientific
information, which allows for their relatively in-depth consideration. Hence, improving cod
recruitment through the three mechanisms described above was used as a specific objective

for the Baltic cod spawning closures in this study.

Concerning other potential benefits of spawning closures suggested in the literature, such as
avoiding evolutionary change towards earlier maturation or reducing the risk of losing genetic
diversity (van Overzee and Rijnsdorp, 2015), little information is available for Baltic cod.
Size at maturation of the EB cod has substantially declined from the late 1990s to 2010s
(Koster et al., 2017), when spawning closures have been enforced. This change is not fully
understood, though is not considered to be connected to the spawning closures, which should
have an opposite effect, i.e. preventing earlier maturation. Both the EB and WB cod have
different spawning locations in the Baltic Sea, however genetic differences between those
within a stock have not been demonstrated (Nielsen et al., 2003; 2005; Po¢wierz-Kotus et al.,
2015). Spawning site fidelity on a finer spatial scale occurs in some cod stocks (e.g., Zemekis
et al., 2014). Such aspects as well as related potential impacts of spawning closures are

largely unknown for Baltic cod.
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3.2 Evaluation approach

The effects of spawning closures on wild fish stocks are generally very difficult to
demonstrate or quantify (e.g., Arendse et al., 2007; Clarke et al., 2015). This is because of a
large number of factors and processes influencing fish stock dynamics, for example
recruitment, including that of cod in the Baltic Sea (Koster et al., 2017). The approach of
looking at stock parameters before and after the implementation of closures is frequently
applied (e.g., Russ et al., 2004; Torres-Irineo et al., 2011), however is challenged by other
factors influencing the stock dynamics at the same time (Davies et al., 2017). Comparable
control areas or seasons are often not available or meaningful, which is also the case for cod

in the Baltic Sea.

Recognizing this general difficulty in assessing the realized effects of spawning closures, we
took a different approach in this study, where we instead evaluated their potential effects. In
this approach, we focused on identifying whether or not there is an overlap between the
closure and the stock component intended to be protected, in time and space. If such overlap
is lacking, the closure can impossibly be beneficial. If the overlap is present, this implies that
the closure can potentially contribute to improving the stock status through a certain
mechanism. Corresponding to the three potential effects of the spawning closures we address
in this paper, we evaluated whether there is an overlap between

 the closures and the cod spawning activity,

* the closures and the spawners whose offspring has a higher survival probability,

* the closures and the largest/oldest cod.

We evaluated potential both positive and negative effects of the closures. The latter were
associated with the possibility of fishing effort reallocation during the time of closure,
compromising some aspects of the stock status. Both the area and seasonal closures enforced
under the present EU management plan (EU, 2016) were considered (Table 1), separately for
the EB and WB management areas. Our study does not cover the economic and social

implications, or other possible ecological effects of the closures on other species or habitats.

3.3 Data
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A number of scientific publications over the past decades have addressed cod recruitment in
the Baltic Sea, including aspects relevant for evaluating the spawning closures. This paper
presents a synthesis of these findings in the context of the specific questions regarding the
potential effects of the spawning closures, defined in the sections above. This review is
supplemented by additional analyses, using data on egg abundances from ichthyoplankton
surveys and cod catch information from the Baltic fish stock Assessment Working Group in
ICES (ICES, 2018a). For the EB cod, part of the present synthesis was conducted in
connection with a workshop in ICES (2018Db).

4. Results
4.1 Undisturbed spawning

Fishing activities may adversely affect the spawning fish and subsequently the quantity or
quality of the offspring (Sadovy de Mitcheson and Erisman, 2012). The disturbance can take
place via a number of mechanisms, including noise from fishing and interruption of
spawning, causing physiological stress response in the fish and disturbance of natural
spawning behaviour (van Overzee and Rijnsdorp, 2015). The effect of spawning disturbance
on reproductive output is very difficult to demonstrate or quantify for wild fish stocks, and no
such investigations are available for Baltic cod. A pre-requisite for a closure to ensure
undisturbed spawning is a spatio-temporal overlap with spawning activity, which is the only

aspect in relation to spawning disturbance that can presently be evaluated for Baltic cod.

EB: In the EB Sea, there are historically three main cod spawning grounds, in deeper areas of
the Bornholm Basin (BB), Gdansk Deep (GD) and Gotland Basin (GB) (Fig. 1). Due to
reduced salinity and oxygen, conditions for cod egg survival in GD and GB have deteriorated
considerably since the mid-1980s (MacKenzie et al., 2000; Kdoster et al., 2009), and these
spawning areas have presently a limited contribution to cod recruitment (Plikshs et al., 2015;
Koster et al., 2017). Therefore, disturbance from fishing in these areas unlikely has a
measurable effect on the reproductive output of the stock. In the BB, i.e. presently the main
spawning ground for the EB cod, spawning is restricted to areas with water depth >60 m
(Wieland, 1988; Hinrichsen et al., 2007; Figure 2a). The horizontal distribution of eggs within

the spawning area varies between years as well as within a year (Hinrichsen et al., 2007;
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Neumann et al., 2014; Fig. S1). Thus, the area closure in the BB covers varying proportions

of the spawning activity, while not covering the entire spawning area.

The spawning of the EB cod starts in February—March and last until October—November
(Wieland et al., 2000). Peak spawning occurred between the end of April and mid-June in the
1970s and 1980s (MacKenzie et al., 1996), and gradually changed to the second half of July
during the 1990s (Wieland et al., 2000). In the late 2000s, the main spawning expanded to
spring, covering a 4 months period from May to August (Neumann et al., 2014; Kdster et al.,
2017). In most years since 2010, highest egg abundances have been recorded in June (ICES,

2018b), which is not covered by the seasonal closure enforced in July—August.

WB: WB cod spawn in areas deeper than 20 m in Kiel Bay, Mecklenburg Bay, and the
Danish Belts (SD 22; Fig. 1) (Bleil and Oeberst, 2002; Hiissy, 2011). Cod spawning activities
are also recorded in the Sound (SD 23) (Hiissy, 2011). Both the WB and EB cod spawn in the
Arkona Basin (AB) (in SD 24) (Bleil et al., 2009; Hiissy, 2011), in areas with water depth >40
m (Fig. 1) (Bleil and Oeberst, 2002). The main spawning period of female repeat spawning
cod in SD 22 (the core spawning area of the WB stock) is from mid-February to early April,
matching the timing of the seasonal closure implemented in this area in 2016-2018 (STECF,
2016). In the AB, the timing of cod spawning reflects a combination of different spawning

times of the WB and EB stock, which are mixed in the area.
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Fig. 1. Cod spawning areas (filled areas on the map) in the Baltic Sea in the Sound (23), Kiel
Bay (KB), Mecklenburg Bay (MB), Arkona Basin (AB) and Bornholm Basin (BB); the
shaded areas in Gdansk Deep (GD) and Gotland Basin (GB) indicate spawning areas that
have had limited contribution to cod recruitment since the mid-1980s (modified from Bagge
et al., 1994 and Hiissy, 2011) . The bold lines show the borders of the present area closures in
the eastern Baltic Sea (EU, 2016), with the broken lines indicating historical borders for the
closure in BB. The numbers and thin lines depict the ICES Subdivisions (SD).

4.2 Early life stage survival

The effect of undisturbed spawning on reproductive output needs to be seen in conjunction
with survival probability of the offspring, as high egg production alone is not sufficient for
enhancing recruitment. If the survival of early life stages is variable in time and space,
spawning closures could potentially enhance the recruitment by protecting those spawners

whose offspring has a higher survival probability.

EB: The survival of cod eggs in the GD and GB has been low since the 1990s, due to
unfavourable salinity and oxygen conditions (Kdoster et al., 2017). Therefore, we focus this
section on the BB, where hydrographic conditions generally support relatively high egg
survival in the months and areas covered by both the seasonal and area closure. However, the
closures do not cover the entire window of high egg survival probability. Modelling of egg
survival has shown that, on average, the highest concentrations of surviving eggs originate
from the center of the basin (Fig. 2b), with the highest survival probability in May—August
(Hinrichsen et al. 2016a).

The survival of first feeding larvae, which is critical for determining recruitment success of
the EB cod (Koster et al., 2005; Huwer et al., 2011) is largely affected by prey availability, in
particular Pseudocalanus nauplii (Hinrichsen et al., 2002; Voss et al., 2003). A modelling
study suggests that, at favourable feeding conditions, larval survival is highest in the center of
the basin (Hinrichsen et al., 2002), i.e. including the area closure in the BB. In contrast, in
years with low Pseudocalanus abundance, larvae have better feeding opportunities and a
higher survival probability if retained at the slopes of the basin or transported into shallower

coastal regions, i.e. outside the area closure (Hinrichsen et al., 2002). This modelling result

10
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was confirmed by an empirical study back-tracking hatch positions of pelagic juvenile
survivors in year 2000, which revealed that the vast majority of these juveniles originated
from the slopes of the BB, i.e. outside the closed area (Huwer et al., 2014; Fig. 2c¢). It should
be noted that the absolute numbers of recruits originating from different time windows or
locations have not been quantified, as this would require more extensive and systematic

sampling of juveniles than is currently the case.
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Fig. 2. EB cod in the Bornholm Basin: (a) Horizontal distribution of newly spawned cod eggs
(stage 1A), representing the location of spawning activity (average for the years 1989-2003,
from Hinrichsen et al., 2007). (b) Modelled spatial origin of first-feeding yolk-sac larvae that
have survived through the egg stage (average in 1971-2010, from Hinrichsen et al., 2016a).
(c) Spatial origin of pelagic juveniles that have survived through the larval stage, (example for
the year 2000, from Huwer et al., 2014). The grey lines show 60 m (solid) and 80 m (dashed)
depth contours. The black solid box shows the extent of the present area closure (EU, 2016).

WB: The survival of WB cod eggs is affected by temperature (see Hiissy 2011 for review),
which is more likely to be below the optimum (in the range of 4-8 °C) early in the spawning
season, including the time of the present closure. However, no clear relation between
temperature and year-class strength suggests that other factors are likely more important for
determining recruitment success (Hiissy et al., 2012). The egg quality (size, fertilization
success) as well as the number of eggs per batch decrease towards the end of spawning of an
individual cod (Bleil and Oeberst, 1998; Vallin and Nissling, 2000). Thus, the eggs with the

best quality characteristics, which may influence their survival probability, are released within

11
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the period covered by the closures in 2016-2018. In terms of the spatial coverage, a closure in
SD 24 has likely a limited contribution to enhancing the WB cod recruitment. This is due to
generally low egg survival in this area related to cold winter water filling the basin during the
main spawning time of the WB cod (Koster et al., 2017). During the 2000s, the environmental
conditions for reproduction in the AB were generally more favourable for the EB than for the
WB cod (Koster et al., 2017), with best spawning conditions irregularly occurring from mid-

May to end-June (STECF, 2010; Hiissy et al., 2016).

4.3 Size/age structure of cod catches

Larger female cod produce higher number of eggs, and there is evidence for increased
offspring quality with parent age or reproductive experience (e.g., Marteinsdottir and
Steinarsson, 1998; Trippel, 1998). Moreover, the on average larger eggs of larger cod are
neutrally buoyant at a lower salinity, implying that the eggs from older/larger EB cod have a
greater survival probability under low salinity conditions (Vallin and Nissling 2000;
Hinrichsen et al., 2016b). The size distribution of the EB cod stock has truncated in later
years, with very few larger individuals in the stock (ICES, 2018a). Thus, protecting the
remaining relatively larger cod may be essentially important. If fisheries catches during the
spawning time contain a larger fraction of older/larger individuals than in other times of the
year, a spawning closure could be beneficial for the recruitment success by preserving larger
cod. When investigating this hypothesis, we assumed that the total annual catch amount is
unchanged regardless of the closures and we only focused on the potential effect of the

closures on the size/age structure of the catch.

EB: Data on the amount and size structure of cod landings are available by quarter (q) and
ICES SDs in the Baltic Sea. Age information in not available for the EB cod for later years.
Seasonally, the fraction of the larger (>45 cm) EB cod in fisheries catch has generally been
highest in q3, although similar to q4 (Fig. 3a). However, the amount of cod landings in q3 has
been relatively low throughout the time series, i.e. including the years before the
implementation of the seasonal closure in 1995 (Fig. S2). This is likely due to low incentives

for cod fishery in this time of the year, regardless of the closure. Thus, the seasonal summer

12
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closure may to some extent reduce the fraction of the largest individuals in fisheries catch,

though the effect is likely not substantial.

Spatially, the catches in SD 26 include a higher proportion of larger cod compared to SD 25
(Fig. 3b). There is some variability in this pattern between quarters (Fig. S3). However, the
fraction of the largest cod in fisheries catch in the main spawning area (in SD 25) does not
seem to be higher in any time of the year. The importance of SD 26 in total EB cod landings
has substantially increased in later years (Fig. S4), in line with the relatively larger cod found
in this area, making it more attractive for the fisheries. Finer scale spatial data on the
distribution of different size-groups of cod within a SD during the time of the closures are not
available. This is because research surveys are conducted in the 1% and 4" quarters, i.e.
outside the main spawning time, and data on size composition of the fisheries catch are only

available on a SD level.
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Fig. 3. Average proportion of larger eastern Baltic cod (>45 cm in length) in the commercial
catch (a) by quarter and (b) in SDs 25 and 26 (annual average). The error bars represent

standard error of the mean, calculated over the years 2001-2017.

WB: The proportion of older WB cod in fisheries landings has been highest during the main
spawning season in ql, although similar to q2 (Fig. 4a). Thus, a fishery closure in ql could
potentially reduce the proportion of the largest cod in fisheries catch. However, despite the
spawning closure being enforced in ql, a substantial share of the landings in 20162017 was
still taken in the period when the highest fraction of older cod occurs in the landings, i.e. in
the remainder of q1 and in g2 (Fig. 4b). This suggests that the spawning closure likely did not

reduce the proportion of larger cod in fisheries catch in those years substantially.
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Figure 4. (a) Average proportion of cod at age 5+ in the landings of Western Baltic cod in
ICES Subdivisions 22-23, by quarter (Q). The error bars represent standard error of the mean,
calculated over the years 2005-2017. (b) Average relative distribution of cod landings
between quarters in 2005-2015 (blue bars) compared to 2016—2017 (red bars). The distinction
of the periods corresponds to revision of the time of the closure. Error bars show standard

error of the mean.

4.4 Possible tradeoffs between the different impacts of the spawning closures on cod

The present area closure in the main spawning ground (BB) of the EB cod allows part of the
stock to spawn undisturbed. However, this would not necessarily increase the recruitment, if
the offspring spawned outside the closure would have a higher survival probability due to
better environmental or feeding conditions. In such situations, the area closure may in fact
increase disturbance and fishing pressure on those spawners whose offspring would otherwise
have a greater chance to survive (Table 2). This is because fishing effort is likely to be
concentrated in the areas outside the closure, as exemplified in Fig. 5. Expansion of the area
closure to cover most of the spawning (defined by 60m isobaths in BB) could avoid the
potential negative effect of the closure in relation to offspring survival. However, an area
closure in SD 25 could also cause fishing effort reallocation to SD 26, increasing the fishing
pressure on the remaining larger cod found in this area, with negative impacts on stock

structure.
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This example demonstrates that a spawning close that is beneficial for the stock through one
mechanism may at the same time compromise other aspects of the stock status. The relative
importance of these different impacts is presently not possible to quantify with the data and
knowledge available for the EB cod. The tradeoffs between different impacts are more likely
to occur when the closures cover small areas, causing fishing effort to concentrate on other
stock components during the time of the closure. In the case of the EB cod, avoiding the
potential negative effects of the area closure in BB we have identified in this study, the
closure would need to cover most of the stock distribution, i.e. the entire spawning area in BB
and also SD 26. The latter is because it is not possible to identify smaller areas where the
largest cod occur, and these are unlikely to correspond to the present small area closures in

SD 26, which are not designed for that purpose.

The seasonal closure (July 1-August 31) implemented in 2018 in the main cod distribution
area (SD 25-26) does not cover the months of peak spawning (June) in recent years (ICES,
2018b). The closure in July—August may to some extent cause temporal fishing effort
reallocation to June increasing the disturbance of peak spawning in this month. However, this
could be avoided simply by adjusting the timing of the closure to cover peak spawning. For
WB cod, where the investigated closures covered the entire distribution area of the stock and
matched the peak spawning time, potential negative effects associated with the closures were

not identified.

Table 2. Summary of the potential positive and negative effects of the implemented area
closure (AC) in Bornholm Basin (BB) and the seasonal closure (SC) in SDs 25-26 on the

eastern Baltic cod.

Closure Potential positive effects Potential negative effects

Part of the spawning, high survival of
AC: BB Undisturbed spawning of a fraction | offspring, and larger cod occur in areas
May 1-Oct 31 of the stock. outside the closure, where fishing effort

may reallocate.

SC: July 1- Undisturbed spawning of a fraction | Possibly increased disturbance of peak
August 31(SDs | of the stock; somewhat reduced spawning in June, due to temporal fishing
25-26) fishing pressure on larger cod. effort reallocation.
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Fig. 5. Fishing effort in the Bornholm Basin: Example of the spatial distribution of fisheries in
(a) months without the area closure (Nov—April) compared to (b) the months with the area
closure in force (May—Oct). Based on Swedish and Danish VMS data for demersal fishing
activities (defined by 2—4 knots speed), average for the years 2014-2016. The black solid box
shows the extent of the area closure (EU, 2016).

5. Discussion

5.1 Challenges associated with evaluating the effects of spawning closures

Fishing closures during the spawning time of the fish are commonly applied in fisheries
management worldwide, but their impacts on fish stock development are generally very
difficult to demonstrate. Consequently, evaluations of the effectiveness of such closures have
often remained inconclusive (e.g., Arendse et al., 2007; Clarke et al., 2015). Studies on
closures in general have found that their effectiveness depends, amongst others, on their
spatial and temporal properties considering the behavior and biology of the target species
(Sheaves et al., 2006; van Overzee and Rijnsdorp, 2015). Size and age of the closure are
important (Vandeperre et al., 2011) and what other fisheries management measures are
applied in parallel (Beare et al.,, 2013; Clarke et al.,, 2015). Environmental and other
influences often “mask” the effects of the closures on fish stocks complicating the evaluations

of their effectiveness (Pastoors et al., 2000; Beare et al., 2013).

For the EB cod, the strongest year-classes occurred in the 1970s—early 1980s, i.e. prior to the
implementation of the spawning closures, which was due to good environmental conditions in
these years (Bagge et al., 1994). For the WB cod, both the strongest and the weakest year-

class in the last 20 years were formed in years when most spawning was protected by the
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closure (in 2016 and 2017) (ICES, 2018a). Although environmental and other factors
determine major fluctuations in the Baltic cod recruitment, spawning closures may modify the
recruitment possible to achieve under given ecosystem and environmental conditions.

However, such effects have so far not been possible to disentangle.

Recognizing the difficulty to demonstrate or quantify the realized effects of spawning
closures on fish stocks, we took a different approach in this study, where we investigated the
potential effects of the spawning closures on Baltic cod. In this approach, we evaluated
whether positive effects to the stock potentially can occur through specific mechanisms. This
approach does not verify whether a closure actually has a measurable effect on the stock.
Instead, it evaluates whether the design of the closure allows benefits to occur through a
specific mechanism, under the assumption that such benefits exist. The choice of the
mechanisms to consider in such evaluation depends at least partly on the specific objectives of
the closure, which are often not formally defined. Past reviews have identified lack of clear,
testable objectives as one of the basic obstacles for evaluating the effectiveness of the
implemented closures (STECF, 2007; Beare et al., 2013). Therefore, the first task is often to
define, based on knowledge and logic, some objectives for the closures that their effectiveness
can then be evaluated against (STECF, 2007). In this paper, we did not use the overarching
objective of improving the cod stock status as an evaluation criterion, because many other
factors influence the stock development. Instead, we focused on the specific mechanisms
through which the closures could potentially influence the cod stocks. This approach allows
considering potential both positive and negative impacts of the closures, which may be

important, even if not being part of the intended objectives of the closures.

The main potential benefits of spawning closures suggested in the literature (e.g., van Overzee
and Rijnsdorp, 2015) include the aspects of undisturbed spawning, offspring survival and
stock structure, which we addressed in this study. We considered these potential effects of the
spawning closures most relevant for the Baltic cod. However, we do not exclude that other
objectives could possibly be defined. For example, fishing closures can affect the total catch
of the species, which is often most rigorously and quantitative analysed (e.g., Kraus et al.,
2009; Clarke et al., 2015), in contrast to the other possible effects of the closures. STECF

(2016) has recently evaluated the effects of the seasonal closures on the EB cod catch,
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suggesting that under the assumption of no effort reallocation, the closures could reduce the
total fisheries catch of the EB cod. However, when TAC management is in place as for the
Baltic cod, this can deliver the desired total catch level more directly than a closure, given that
TACs are effective in regulating total catch. For that reason, we focused this paper on the
potential benefits of the spawning closures related to recruitment, which would be difficult to

achieve by quota management alone.

5.2 Lessons from the Baltic cod case study

In the Baltic Sea, ichthyoplankton surveys monitoring spatio-temporal dynamics of cod eggs
and larvae (e.g., Hinrichsen et al., 2007) as well as studies on adult maturity (Bleil et al.,
2009) provide information on when and where cod spawning takes place. Regular monitoring
has demonstrated that the most intensive spawning activity is variable in time and space (Fig.
S1), implying that closures covering relatively small areas or short time periods have a low
chance of matching the peak spawning in all years. Furthermore, the EB cod is one of the
fortunate examples, where substantial process knowledge and modelling tools to evaluate
spatio-temporal variability in early life stage survival are available (Hinrichsen et al., 2002;
ICES, 2004; Kraus et al., 2009; Huwer et al., 2014). These studies have demonstrated that the
highest concentration of spawning activity is not always corresponding to the highest survival
probability up to juvenile stage, further complicating the design of spawning closures

covering relatively small areas.

In practice, it would likely be difficult to adjust the spawning closures to dynamic conditions
(Hinrichsen et al., 2007). The presently available knowledge on cod early life stage
production and survival in the Baltic Sea is a result of several decades of research efforts. This
has allowed identifying issues that may be important in relation to spawning closures,
however not necessarily feasible to adjust to in real time. Such investigations are often time
consuming and labour intensive, and therefore not regularly updated. Moreover, even in the
relatively data rich case of the Baltic cod, a number of knowledge gaps still exist. For
example, it is currently not possible to quantify the spatio-temporal origin of surviving
recruits in absolute terms, or describe the fine scale spatial distribution of different stock
components during the spawning time. Both of these questions are highly relevant especially

for designing smaller area closures.
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The data collection for fisheries management purposes generally focuses on traditional fish
stock assessments, which provide the biological basis for setting annual catch limits. As
spawning closures can potentially affect a fish stock through various complex mechanisms,
data requirements for their proper evaluation are much greater, including, for example
information on spawning behaviour and physiology of the fish (Morgan et al., 1999; Dean et
al., 2014). The information relevant for designing and evaluating spawning closures, if
existing, is mostly produced via scientific programs, which are generally decoupled from
management needs. This implies that the information is often insufficient, irregularly updated,

or not tailored to the purpose of evaluating management measures such as spawning closures.

It is unclear whether monitoring and research on this topic can substantially increase in future.
Therefore, it is important to choose management measures, which are robust to data
limitations and related uncertainties. The Baltic cod example demonstrates that designing
smaller area closures properly is associated with much greater data requirements compared to
a closure covering most of the distribution area of the stock during its spawning time. This is
because small area closures cause fishing effort reallocation to other stock components with a
risk of unintended negative effects via the mechanisms that may not have been accounted for
when designing the closure. To avoid these counterproductive effects, a closure would need to
be sufficiently large. This is in line with experiences from other areas, suggesting that size is

an important feature of the closed areas in general (Edgar et al., 2014).

Quantifying the actual effects of spawning closures likely remains a challenge also in future.
Therefore, if spawning closures are chosen to be applied as a supplementary management
measure, these should be designed in a way that allows their potential benefits to occur, while
avoiding potential counteracting effects. The Baltic cod example suggests that the closures
covering most of the distribution area of the stock during its peak spawning time are better

suited for this purpose rather than those covering small areas.

Conclusions
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The example of cod in the Baltic Sea illustrates the complexity of considerations that may be
involved in designing an appropriate spawning closure to improve fish stock status. A closure
and the resulting fishing effort reallocation can potentially affect the stock via a number of
mechanisms, which can include unintended negative effects counteracting the expected
benefits of the closure. Proper evaluation of the different mechanisms how a closure can
affect the stock has high demands for data and biological knowledge, which may not be
present even in data-rich cases such as the Baltic cod. Among the two types of closures we
have investigated, the design of smaller area closures generally involves greater complexity
and data requirements compared to the closures covering most of the distribution area of the
stock during the spawning time. Also, smaller area closures are associated with a higher risk
of having negative effects to the stock, if not rigorously assessed and adapted to changing
conditions. The spawning closures covering most of the distribution area of the stock are

generally more robust to the uncertainties and gaps in biological knowledge.
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