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Abstract: The Gulf of Riga stock of Baltic herring (Clupea harengus membras L.) has been maintained
through several management tools. One such tool is the restriction of vessels’ main engine power
(<221 kW). This restriction was implemented in the early 1990s and is based on the vessel types
available in the area and on the assumption that the gear size used in trawl fishery depends on the
vessel size (power). In the current study, we compared vessels with different engine powers using the
same gears currently allowed in the gulf, to identify whether vessel power had any relation to catch
structure. The results showed that engine power did not explain the differences in catch structure,
which were more dependent on season and depth of water. Easing the power restriction of the trawl
vessels in the Gulf of Riga will most likely not have a major negative impact on the sustainable
management of the herring population. However, vessels with higher engine power should not use
larger trawl gear than is currently used in the gulf.
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1. Introduction

The management success of fish stocks depends on the availability and reliability of
knowledge surrounding the biological specifics of the stock, as well as on fishery-dependent
information. In a situation where most of the known commercial fish stocks in the world
are fully exploited or overexploited, management improvements are urgently needed [1-3].
Mortality caused by fishery is a significant factor affecting fish stock abundance, playing a
key role in fisheries’ management. The mortality information may be biased for several
reasons (discarding, gear selection, escapee mortality, misreporting, etc.) [4,5]. The Eu-
ropean common fisheries policy (CFP) has implemented a ban on discarding, to reduce
unaccounted mortality [6] and to incentivize the fishing sector towards more sustainable
fishing practices. The ultimate goal of all fisheries” managers, as well as fishermen, is to
catch only target species and target size classes. Higher selectivity, as a key component in
achieving this goal, can be difficult because of the hidden mortality of juveniles escaping
through the trawl meshes [4,5,7-9].

The Baltic herring (Clupea harengus membras L.) has a number of local populations
with different biological characteristics [10-12]. The Gulf of Riga (ICES Subdivision 28.1)
herring is spatially relatively well isolated from the other Baltic herring populations, and
its stock dynamics have been well monitored since the 1970s [12,13]. The stocks of the Gulf
of Riga and the Central Baltic herring have exhibited inverse development since the 1970s:
while the latter decreased, the Gulf of Riga (GoR) stock displayed a series of very high
recruitment events, showed an increasing trend in the 1990s, and has remained at a high
level since then [14,15]. High fishing mortality (F) has been identified as an issue in GoR
herring management, periodically exceeding the agreed Fysy (fishing mortality consistent
with achieving maximum sustainable yield) [15]. The spatial aggregation of herring differs
slightly according to the seasons. During winter, the fish concentrate into layers limited
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by temperature (2-6 °C) from above. Young herring and sprat dominate the upper section
while older herring reside in the lower layers. With the rise of temperature in the spring,
younger herring ascend to the warmer surface layer while older herring remain in the
bottom layers. A similar distribution pattern occurs in summer, smaller individuals tend to
dominate the higher levels of the water column [16].

Herring fishery in the GoR is performed by Estonian and Latvian fishermen, using
both trawls and trap-nets. Trawl fishery takes place throughout the year during the ice-free
period, while coastal trap-net fishery focuses on the pre-spawning and spawning periods,
ranging from the melting of winter ice in April to the end of June [17,18]. Trawl catches
comprise up to 80% of the total catches of GoR herring at present, being concentrated in
the ice-free period of the first half of the year (mostly until May), before the main trap-net
fishery commences [15,19]. Trawl fishery prevails particularly in Latvian waters, while
on the Estonian side, the share of trawl and trap-net fishery has remained close to equal
over the recent period. GoR herring catches have been relatively stable, in the range of
26,000-32,000 tons since 2015, depending on the agreed TAC (total allowable catch), which
has been limiting fishery since then [15].

In addition to the TAC restrictions, a number of technical measures have also been
implemented by the Estonian and Latvian fisheries management authorities in order to
achieve sustainable exploitation of the GoR herring. A 30-day ban of trawl fishery during
the main spawning migration in spring has been imposed in both Latvia and Estonia, a
summer ban of trawl fishery (from mid-June to September) in the Estonian part of the
Gulf [15], the prohibition of fishing with trawls in waters of less than 20 m in depth, a
maximum trawl height of 12 m, and a minimum cod-end mesh size of at least 16 mm [20,21]
serve as examples of such measures. These restrictions also include a maximum engine
power limit of 300 HP (221 kW) for trawl vessels operating in the GoR, in order to avoid
the deployment of large high-seas trawl vessels which might seriously affect the fragile
ecosystem of the shallow and spatially restricted GoR [21].

The restriction of engine power has been applied since 1990, when the fleet consisted
mostly of the so-called MRTK-type stern trawlers of 23-26 m in total length, with an engine
power up to 221 kW. Since the production of this vessel type was discontinued in 2010, the
fishing companies inevitably face the need for upgrading to new vessels that come with
more powerful engines. Modern, more powerful vessels are economically more effective,
having a higher speed and a lower fuel consumption rate with the same number of crew.
Thus, the engine power restriction currently in place hampers the technical modernization
of trawl fleets, and companies operating in several areas need to maintain separate fleets
for the GoR.

Defining the terms which contribute to the fishing effort has proven to be difficult
and confusing. Two terms to quantify fishing effort, considering vessels using towed nets,
have been most frequently identified: fishing capacity (engine power of gross tonnage),
and fishing activity (days at sea or hours of fishing) [22,23]. Fishing mortality, as the
most important factor describing the effect on the population, is classically linked to three
variables: fishing capacity, fishing activity, and catchability coefficient. The latter includes
the technical features of the gear and the fish accessibility [24]. The fishing capacity of
trawlers is typically used in regulatory measures and is defined by the engine power of
vessels, without considering the specifics of the gear used [25-27]. By ignoring the gear
in fishing capacity measurements, the actual impact of fishing pressure (fishing mortality)
may significantly change with modifications in gear and technological improvements (e.g.,
fish-finding sonar, stronger netting, changes in trawl panel design) [26]. Such factors do not
change the measured capacity of vessels but, in combination, increase the actual capacity
over time. Estimating the fishing pressure via the gear used seems more rational, but still
not perfect, since other factors, such as towing speed and skippers’ experience, also have
an effect on the capture of mobile species [26-29].

The specifics of the topography of the GoR (mean depth 27 m, maximum depth
60 m) [30], define the limits of the vertical distribution of pelagic fish stocks. Despite
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that, juvenile herring distribution is closer to the surface layers, or in the upper parts,
of herring schools [31,32]. Due to the specifics of the vertical distribution of herring
schools in the GoR, it is more difficult to avoid catching juveniles from the surface layers.
It has been demonstrated that an increased vertical opening of the trawl increases the
catches [26]. Meanwhile, several other factors affecting trawl catches have been studied, but
the results tend to be fishery-specific. Towing speed may have different effects on selectivity,
depending on the species [33]. Results from a Danish trawl study even indicated that old,
small vessels are more efficient than new, large ones [26], which may also be affected by
e.g., skippers’ experience [28]. Contradictory results indicate that the experiences of other
fisheries are not simply transferrable, and specific problems require special studies [34-36].

The latest study of the potential effects of vessel size/engine power on catch composi-
tion in the GoR was conducted in the early 2000s [37]. During those studies, the structure of
the experimental herring catches taken with two trawler types of different size and engine
power (425 kW and 220 kW respectively), in November 2002 and April 2004, was analyzed.
Using the common commercial gears of each vessel type (large vessels used large trawls),
14 trawl hauls with a duration of 30 min were performed during both experiments. The
results indicated that the engine power and the technical parameters of the gears used had
significant effects, not only on the size structure of the catches, but also on fishing mortal-
ity [38,39]. The results showed that the engine power together with the gear size affected
the vertical opening of the trawl, which in turn resulted in differences in catch volume and
structure. It was also observed that the effect of different engine power manifested clear
seasonal effects; the share of juveniles appeared to be significantly higher in the catches
of large vessels in the fall, while no differences were found in the spring. The authors of
the study recommended that large vessels equipped with trawls with a vertical opening
over 12 m should not be permitted in GoR herring fishery [37]. As a result, the restriction
on vessel power was left unchanged and gear vertical opening was limited to 12 m in the
respective legislation [20].

In the present study, we investigated the effects of vessels with different engine power,
using the same gear and hauling technique. The effects of season, haul speed, depth, trawl
vessel size, and catches on the (i) median weight and (ii) share of juvenile Baltic herring
were investigated. We hypothesized that more powerful vessels do not cause harm to the
stock when using the same gear as less powerful vessels.

2. Materials and Methods

The material used in this analysis was collected during a survey conducted with two
different types of vessels, from feeding and overwintering grounds in the GoR (Baltic Sea,
Figure 1). The spring-spawning herring in the GoR utilize the surveyed areas as feeding
and overwintering grounds [40]. Parallel trawl hauls were conducted by vessels with
different engine powers using gears of similar technical properties. The first vessel group
(3 vessels) had a main engine power under 221 kW (117-221 kW) (i.e., the maximum power
allowed in the Gulf), and the second vessel group (4 vessels) contained engines exceeding
the contemporary power limit (441-736 kW). A total of 40 successful hauls (20 hauls per
vessel group) were conducted during the years 2019-2020. Since the distribution pattern
and length composition of herring differ seasonally, the data were divided into two seasons:
spring (April) and autumn/winter (September and January). Since herring undertake
spawning migrations to shallow areas, and feeding migrations to the central part and out
from the Gulf, the population under trawling pressure has a different structure depending
on the season [16,32]. The spring survey was conducted in April 2019, and autumn-winter
surveys took place in January and September 2020. The technical parameters (gear, location,
trawl depth, hauling time, etc.) were kept as constant as possible between vessels. The gear
used by both groups was a commercial pelagic trawl with a horizontal opening of 75 m, a
vertical opening of 12 m, and a cod-end mesh size of 20 mm, as is commonly used in GoR
fishery. The exact trawling locations were chosen and agreed by the skippers, based on their
experience, and information from echosounders (Figure 1). Hauling time was identical
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for both vessels (2 h), and the average speed remained in the range typically used in
commercial fishing according to the vessel type. From all trawl hauls, 150-350 individuals
were sampled for routine biological analysis, recording the total length, total weight, sex,
and maturity stage.
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Figure 1. Location of trawl hauls by vessel group in the Gulf of Riga in the spring (A) and au-
tumn/winter (B) seasons.

The percentage of juveniles and median weight of individuals (dependent variables)
were calculated per experimental haul, using season-specific maturity ogives (spring
and autumn/winter) [41]. The effects of depth, vessel size, vessel speed, and herring
catch in tons (independent variables) were assessed using R statistical software [42] with
nonparametric tests: Mann ~-Whitney U-test for categorical independent variables, and
Spearman correlation for continuous independent variables. The response variables were
the share of juveniles and the median weight of herring individuals in each catch. The
effects of trawling season and vessel size on the share of juveniles in total herring catches
were assessed. To calculate the share of juveniles in catches, the L50 maturity ogive was
calculated from the spatio-temporally close commercial sampling data, using the “SizeMat”
package in R.

3. Results

The herring catch structures of the different vessels followed similar length frequency
patterns in the spring (Kolmogorov—-Smirnov test, n = 4845, D = 0.04, p = 0.05), but differed
in the autumn/winter trials (Kolmogorov—Smirnov test, n = 5150, D = 0.24, p < 0.001,
Figure 2). The trawling speed used was the typical working speed of each vessel, and
varied due to the need to maintain a chosen trawl depth, which resulted in the higher speed
of large vessels (LM, n = 40, R? = 0.46, p < 0.001, Figure 3). The difference in hauling speed
did not have a significant effect on our results (Spearman correlation, n = 40, tho = —0.05,
p =0.83).



Fishes 2022, 7, 46 50f 11

Spring

o
w
1

o
o
1

Large vessel
—— 5Small vessel

o
=
1

Proportion

o
o
1

5 10 15 20 25
Autumn/Winter

£ 0.21 Large vessel
o — Small vessel

5 10 15 20 25
Total Length (cm)
Figure 2. Comparison of Baltic herring length frequencies in different types of vessels (large vs small)

in the spring and autumn/winter seasons (sample sizes: Spring/Large = 2523, Spring/Small = 2322,
Autumn/Winter/Large = 5150, Autumn/Winter/Small = 2454).
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Figure 3. Boxplot of the median hauling speed (A), CPUE (B), and proportion of juveniles (by weight)
(C) values for the large and small vessels. The horizontal bold lines show the median, shaded boxes
indicate the interquartile ranges with upper and lower whiskers (5% and 95%).

The herring median weight in catches was higher in autumn/winter compared to
spring (before spawning) (Mann-Whitney U-test, n = 40, W = 339, p < 0.001). The effect
of vessel size on the median weight was considerable only in autumn/winter, when the
median weight was significantly higher in larger trawls (Mann-Whitney U-test, n = 16,
W =114, p = 0.01, Figures 4 and 5).
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Figure 4. Boxplot of the herring median weight in catches (all vessels) by season (A), and vessel size
(B). The horizontal bold lines show the median, shaded boxes indicate the interquartile ranges with

upper and lower whiskers (5% and 95%).
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Figure 5. Boxplot of the median weight of individuals in catches of different vessels in spring (A),
and autumn/winter (B). The horizontal bold lines show the median, shaded boxes indicate the
interquartile ranges with upper and lower whiskers (5% and 95%). Please note the different scales on

the Y-axis.

In order to calculate the share of juveniles in catches, L50 maturity values of 11.9 cm in
autumn/winter, and 13.4 cm in spring were calculated using a commercial catch analysis of
the same period/area. The share of juveniles in catches did not differ considerably between
vessels, but was higher in the spring (Mann-Whitney U-test, n = 40, W = 84, p = 0.003,
Figure 6). Despite differences in trawling speed, this factor had no direct influence on the
juvenile proportion (Spearman correlation, n = 40, tho = 0.04, p = 0.79).
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Figure 6. Boxplot of the share of juvenile individuals in catches of different vessels by season: spring
(A) and autumn/winter (B). The horizontal bold lines show the median, shaded boxes indicate the
interquartile ranges with upper and lower whiskers (5% and 95%). Please note the different scales on
the Y-axis.

The total number of catches was more variable, but it was generally higher in the
spring, as was the share of juveniles in catches (Figure 6). In the spring experiments,
the juvenile share fluctuated, but on average was lower in deeper waters (Spearman
correlation, n = 16, rho = —0.72, p < 0.01). In autumn/winter, the difference was not
statistically significant (Spearman correlation, n = 24, tho = —0.13, p = 0.55). The juvenile
share was significantly associated with water depth in the spring (Spearman correlation,
n =16, rho = —0.72, p = 0.002), and in the spring pooled with the autumn/winter (Spearman
correlation, n = 40, rho = —0.33, p = 0.038).

4. Discussion

This study analyzed the effects of season, water depth, total catch size, and haul speed
on the Baltic herring catch structure in vessels of different engine power. The motivation
to conduct such a study relied on the fact that former research conducted in the 1990s
showed a negative effect of large (>221 kW engine power) vessels on herring stock [37].
In our experiment, vessels with >221 kW engine power with the same gear as currently
used in the GoR displayed a comparable effect on the exploitation of the GoR herring stock
as vessels with smaller engines. The results of the present study indicate that the median
individual weight of herring is higher in autumn/winter, particularly in the catches of large
trawlers. According to recent studies, older herring migrate earlier to spawning grounds.
Therefore, the lower median weight in spring could be explained by the size-specific nature
of herring spawning waves, with the largest individuals migrating earlier to spawning
grounds [16,43,44]. The international management of the GoR herring stock and fishery
are based on agreed weight-based catch quotas (total allowable catch -TAC). This means
that the weight of individuals within a catch is an important factor affecting the resulting
fisheries” mortality, since, in order to fish the quota, a larger number of individuals must be
removed from the population if the individual weight is lower.

The sampling design in the present study was organized to provide comparable gear
and haul locations for both types of vessels. Some differences are possible due to the
skippers’ behavior during trawling (fine tuning of the speed, gear depth, etc.) and the
availability of information (more accurate sonar, trawl monitoring systems), which can
lead to different decisions in fine-tuning the gear. The kilowatt power of the vessel’s
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main engine is widely used as a proxy to characterize fishing capacity, however, this is
not the most accurate measure of a vessel’s ability to catch fish [25-27,45]. Catchability
depends on several factors. Amongst other factors, technological developments, such as
trawl monitoring systems and sonars, are estimated to increase the average catchability
of commercial vessels by about 3% per year [23,29]. These findings are in correlation with
our results, that vessel engine power is not the main descriptor of the differences between
vessels’ catch results.

The herring catches in the present study included on average 2% (by weight) of
juveniles. Although this share of juveniles could be considered low, 658 million juvenile
individual herring were removed from the GoR by commercial fishery in 2020 [46]. In
addition to the bycatch of juveniles, there is a certain level of additional unaccounted
mortality related to fish escaping through the meshes in the cod-ends of the trawl, which
varies between 30 and 70% in the northern Baltic Sea [8]. The results of the present study
show that the juvenile bycatch is lower and the median length of retained herring higher
in the autumn/winter season compared to the spring. Since the gear characteristics were
the same in both seasons, the possibility of an increased share of unaccounted escapees
in the autumn/winter can be excluded. In our experiments, the lowest bycatch rate of
juveniles was in the catches of large vessels, surprisingly, although this difference was
marginal. Additionally, juvenile bycatch displayed a strong seasonal effect. The bycatch of
juveniles observed in the spring was five times higher compared to the autumn/winter
(2.7% vs. 0.5% in weight, respectively). Former studies have demonstrated that the herring
spawning season in the GoR begins with the spawning migration of older and bigger
herring commencing their spawning migration towards shallow spawning grounds as
early as April [16,43,44]. Hence, the higher share of juveniles observed in hauls in the
spring can be explained by the migration of larger individuals into the near-coast spawning
areas by the time of the survey in April (Figure 3). This might be an explanation for our
results and calls for extra attention, considering the high negative pressure occurring in the
spring for juveniles. Irrespective of the vessel size, the share of juvenile bycatch was higher
in the spring in shallower areas. Therefore, the herring trawl fishery in the gulf during the
autumn/winter period, and deeper areas, where the layers with higher number of juveniles
could be avoided, would be preferable. Management measures to lower juvenile bycatch
rates should therefore concentrate more on the seasonal aspects of fishery.

The sustainable management of commercial pelagic fish stocks is usually based on
three main measures: TAC, areal/temporal closure and mesh size regulation [13,47,48],
targeting avoidance of young, immature individuals or disorientation of migrating pre-
spawning schools. In the Gulf of Riga, trawl fishery is allowed in water depths of more
than 20 m, and with a mesh size no less than 16 mm [21]. Additionally, a 30-day ban
on trawling is present during spring spawning, although the timing of the ban slightly
differs between Estonia and Latvia. Studies of cod-end selectivity, using 20 mm mesh
(as used in our experiment), showed that the 50% selectivity length for Baltic herring
is 8.0 cm [4]. Our results show that 50% maturation is observed at a total length of
12-13 cm and, therefore, current mesh size regulation is not effective in excluding juvenile
bycatch. The regulation of mesh size to reduce juvenile bycatch in Baltic herring has been
widely criticized for increasing the unaccounted mortality, due to the low survival of trawl
escapees [5,7-9]. In studies of Bothnian Sea herring trawl fishery, it was assessed that more
juvenile herrings are discarded underwater (escapees) than land, which strongly biases the
mortality estimates [4]. Although there are no trawl escapement studies of herring in the
GoR, the aforementioned findings suggest that changing the mesh size regulation would
not have much effect on reducing juvenile mortality.

We found that the share of juveniles was mainly driven by the season and the depth of
water in the trawling area. This phenomenon can be explained by the relative shallowness
of the GoR, which determines the vertical and horizontal distributions of herring. Since
juvenile herring tend to aggregate in the upper water layers and older individuals stay in
the deep [16,31,32], the trawls with a higher vertical opening than currently allowed in the
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Gulf (12 m) [20] in shallow waters are not able to omit the juvenile fraction of schools. This
interpretation is in accordance with a previous similar study conducted in the GoR, where
large vessels with large trawl gear were proven to catch considerably higher amounts of
juvenile herring [37]. By combining this information with our results, it can be concluded
that the vertical opening of the trawl gear used in the GoR should not be increased.

Furthermore, our findings are in accordance with the suggestion of removing the
engine power restriction from the Gulf.

The current results suggest that additional studies are needed to map the effect of gear
parameters on herring stock, in relation to the depth structure of the fishing areas used
by trawl fleets, in order to further optimize herring fishery and the stock management of
GoR herring. Since the depth of water seems to affect the juvenile share of the catch, the
decrease in vertical opening of the trawl net, or posing additional depth restrictions for
gears with bigger opening, could potentially benefit the stock management and population
status of the Baltic herring even further.

5. Conclusions

(1) Easing the maximum engine power restriction of the trawl vessels in the GoR itself
will most likely not have a negative impact on the sustainable management of GoR
herring stock;

(2) Trawl size (especially vertical opening size) should not increase with the possible
introduction of larger vessels in the gulf.
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