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Nephrops (Nephrops norvegicus) is an economically valuable target species in the North Sea. Although individual Nephrops populations are
scattered, the crustacean is managed regionally by the European Union (EU). The spatial competition for fisheries in the North Sea is growing
especially due to expanding offshore wind farms (OWF) and newly implemented marine protected areas (MPA). Moreover, the Brexit affects the
availability of EU fishing quotas and adds to the overall uncertainty EU fishers face. We compare landings and catches to scientifically advised
quantities and perform an overlap analysis of fishing grounds with current and future OWFs and MPAs. Furthermore, we explore the German
Nephrops fleet using high-resolution spatial fishing effort and catch data. Our results confirm earlier studies showing that Nephrops stocks have
been fished above scientific advice. Present OWFs and MPAs marginally overlap with Nephrops fishing grounds, whereas German fishing grounds
are covered up to 45% in future scenarios. Co-use strategies with OWFs could mitigate the loss of fishing opportunities. Decreased cod quotas
due to Brexit and worse stock conditions, lowers Germany’s capability to swap Nephrops quotas with the UK. We support the call for a new
management strategy of individual Nephrops populations and the promotion of selective fishing gears.

Keywords: Brexit, demersal fishery, German fishery, marine spatial planning, offshore wind parks, resource management.

fishery presents an interesting case study, as it emerged relatively

Introduction

The Norway lobster (Nephrops norvegicus, hereafter referred to as
Nephrops) constitutes an important pillar of European fisheries
generating a value of 107 M€, making it the 2nd most valuable
landed shellfish species in the North Sea and Eastern Arctic region
in 2018 (STECE, 2020). Since the start of commercial exploitation of
Nephrops in the 1950s, the fishery grew substantially in the Celtic
and North Sea, which are still the main Nephrops catch areas (Ung-
fors et al., 2013). The main fishing nations are the United Kingdom,
Denmark, Ireland, and the Netherlands (EUMOFA, 2019). Sev-
eral other nations, including Germany, represent minor actors
in the international Nephrops fishery. The German Nephrops

recently.

In waters of the European Union (EU), Nephrops is managed
through the EU Common Fisheries Policy, and is one of only two
crustacean fisheries in the EU that is subject to output controls
(quota or catch limits), so called total allowable catches (TAC).
Nephrops TACs are set annually and based on the scientific ad-
vice provided by the International Council for the Exploration
of the Sea (ICES). The EU Council Regulation allocates annual
fishing quotas for each fishing area to EU member states ac-
cording to the relative stability, a fixed proportional share for
each country and fish stock. The relative stability is based on
historical catch amounts and does not necessarily reflect present

© The Author(s) 2021. Published by Oxford University Press on behalf of International Council for the Exploration of the Sea. This is an
Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

220z AInr 1 uo Jesn Aseiqi [eoluyoe] INNd AQ 82411 ¥9/6£9€/0 L/8./0101e/swiseol/woo dno-olwspeoe//:sdiy wols pepeojumoq


https://orcid.org/0000-0002-2023-9815
mailto:jonas_letschert@web.de
https://creativecommons.org/licenses/by/4.0/

3640

catches of EU member states. Therefore, EU member states may
exchange quotas among each other (quota swaps). Although
the Nephrops TAC applies on a regional scale, e.g. the entire
North Sea, patchy suitable habitats for Nephrops (particular silt
and clay contents) result in separate populations, which are re-
ferred to as Functional Units (FUs; Phillips, 2006; Aguzzi and
Sarda, 2008).

Despite the high economic value of this fishery several issues
emerge that may jeopardize its future ecological and economic via-
bility and call for closer examination. First, the mismatch between
management at a regional (i.e. North Sea) scale and much smaller
scale at which discrete stocks occur has been criticized for not en-
suring sustainable exploitation rates and thus risking local depletion
(Williams and Carpenter, 2016; ICES, 2020a). In fact, the Nephrops
stock size has been considered too low in relation to biomass ref-
erence points in one FU, and stock status is unknown for three
of the nine North Sea Nephrops populations (ICES, 2020b). How-
ever, the EU management approach remains regional, although
ICES releases annual scientific advices including Nephrops catch or
landing recommendations for each individual FUs. Moreover, most
Nephrops are caught by mixed fisheries using non-selective bottom
trawls resulting in high amounts of bycatch (Briggs, 1986; Evans et
al., 1994; Catchpole and Revill, 2008; Cosgrove et al., 2019). In fact,
this diverse catch composition complicates the classification and
distinction of a Nephrops fleet, since information on catch com-
positions, revenues, and vessel characteristics is used to group EU
fisheries into so called fishing metiers (Ulrich et al., 2012). Despite
all these issues concerning the Nephrops fishery, peer-reviewed sci-
entific studies with a broad geographical focus, i.e. beyond single
Nephrops FUs, are scarce (Ungfors et al., 2013).

The departure of the UK from the EU (Brexit) has been posing
considerable uncertainty for EU Nephrops fisheries, given that the
UK is allocated the largest share of the Nephrops TAC, and the main
fishing grounds and FUs are located within the UK’s exclusive eco-
nomic zone (EEZ). In December 2020, a post-Brexit agreement was
reached, which provided regulations for the joint management of
over 100 shared fish stocks (European Commission, 2020a). Over a
period of five and a half years (2021-2026), 25% of European fishing
rights in UK territorial waters will be transferred to the UK fishing
fleet. Although this does not affect the North Sea Nephrops quota
allocation directly, it might influence quotas of species that are ei-
ther caught in a mixed fishery with Nephrops or used to swap quo-
tas with other EU member states. After the transition period there
will be annual consultations held by the two parties on fishing op-
portunities with a focus on sustainable fishery management (Euro-
pean Commission, 2020a). Moreover, an agreement was achieved
enabling quota swaps between individual EU member states and
the UK (European Commission, 2021).

Like most fisheries in the North Sea, the Nephrops fishery com-
petes for space with a large number of different stakeholder groups,
such as shipping, offshore renewable energies, and nature protec-
tion (Halpern et al., 2015). The growth of the offshore wind farm
(OWEFE) sector in particular is supported by the ambitious EU strat-
egy of reducing greenhouse gas emissions, which could lead to an
extensive overlap between fishing activities and OWFs (Stelzen-
miiller et al., 2020). Together with the future fisheries manage-
ment measures of the Natura 2000 network of marine protected
areas (MPAs), implemented under the Habitat and Birds Directive
(Probst et al., 2021), a loss of spatial fishing opportunities is likely.

Here, we describe the development of the Nephrops fishery in
the North Sea since 2000 with emphasis on management, con-
flicts of spatial use, and implications of the Brexit. Our approach
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Figure 1. Map of the study area (North Sea; FAO fishing area 27 IV)
featuring the nine functional units (FU) for Nephrops management,
the EEZ of adjacent countries, and the distribution of suitable
(muddy) sediments for Nephrops.

combines ecological, spatial, fisheries, and management informa-
tion of the last two decades on Nephrops populations, i.e. FUs.
We compare real and scientifically advised fishing opportunities
for each Nephrops FU and perform a spatial analysis to assess the
overlap of Nephrops fishing areas with current and future spa-
tial fishing restrictions, such as OWFs and MPAs. In addition,
we use logbook and spatially resolved effort data of German fish-
eries, as a case study for current and future challenges of the
Nephrops fisheries in the German Bight. We apply a clustering ap-
proach to define German fishing practices distinguished by catch
compositions.

Material and methods

International Nephrops fishing data

The study area encompasses the North Sea (FAO fishing area 27
subarea IV) and includes nine distinct Nephrops populations re-
ferred to as funcitonal units (FU; Figure 1). We obtained Nephrops
landings and discards data for each FU from ICES advices for
Nephrops (downloaded from www.ices.dk). In addition, ICES ad-
vice is provided for Nephrops outside of the FUs. Landing data
were unavailable in ICES advices for FU34 before 2009 and the
outside area before 2010. For these areas, we obtained Nephrops
landings data from the Scientific, Technical and Economic Com-
mittee for Fisheries (STECF) for the North Sea from 2002 to 2018
(Gibin and Zanzi, 2020), which are compiled quarterly and by sta-
tistical rectangle (1° Longitude x 0.5° Latitude), species, and EU
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member state. We aggregated annual Nephrops landings by FU to
complement landings from ICES advices. Furthermore, we com-
piled STECF landings per country and FU in the German Bight to
identify fishing nations active in FUs relevant for the German fleet.
STECEF data only include landings from EU fleets and therefore ex-
cludes Norway, which lands considerable amounts of Nephrops in
FU32. A comparison of information from ICES advices and STECF
can be found in Appendix III.

If discards were available, we calculated catches by adding up
landings and discards. Discard information were absent in ICES
advices for the FUs 10, 33, and 34 and lacking for several years in
advices of the other North Sea FUs. We gathered recommended to-
tal Nephrops catches and landings per FU from ICES advices be-
tween 2003 and 2021. Subsequently, we combined them with inter-
national Nephrops landings and catches to analyse the uptake and
overshoot of advised fishing opportunities. Whenever information
on discard was available, we compared catches to advised catches
and in case either discards or catch advises were unavailable, we
compared landings to advised landings.

Nephrops TACs are jointly set for the fishing areas 27 IV (North
Sea) and EU (UK after Brexit) waters of 27 Ila (Norwegian Sea).
For this area, we extracted Nephrops TAC per EU member state
from annual Council Regulations of the EU (2003-2020). To
assess the potential impacts of Brexit on North Sea Nephrops
fisheries, we subtracted UK quotas from EU TACs and compared
the results with landings (STECF) of EU member states catching
Nephrops, i.e. Belgium, the Netherlands, Denmark, France, and
Germany. This was done for the years 2003-2016, as complete
STECF landings by country for recent years were unavailable due
to confidentiality issues.

German Nephrops fishery

To identify and analyse the German Nephrops fishery, we com-
bined two types of vessel-specific data, i.e. commercial logbooks
and vessel positions based on vessel monitoring system (VMS).
Logbook data are resolved by fishing trip and comprise information
about weight and composition of catches, revenues, and the statis-
tical ICES rectangle (1° longitude x 0.5° latitude) where catches
were recorded. VMS data contain geographical positions of vessels,
which are broadcasted roughly every 2 h (so called “pings”) by Ger-
man vessels. Logbook data was available from 2000 to 2019, whereas
reliable VMS data were available only from 2012 to 2019. All data-
processing steps were done using the R programming language (R
Core Team, 2019).

Fishing logbooks

We pre-selected vessels that targeted Nephrops within the last 20
years by choosing all vessels with a track record of more than 10%
annual Nephrops catches in at least 1 year in the logbook data.
Moreover, we excluded vessels that primarily fished in the Baltic Sea
by choosing only those vessels that spent at least 50% of their annual
fishing trips in the North Sea. Subsequently, we compiled all catch
information of these vessels, selected only catch records of the ten
most caught species and, per fishing trip, converted total to propor-
tional catches. Based on the resulting data set, we created a distance
matrix (Euclidean distance) using the vegan package for R (Oksa-
nen et al., 2019). We performed hierarchical agglomerative clus-
tering using the average linkage method (Legendre and Legendre,
2012) and increased the number of clusters until a cluster emerged

that mainly caught Nephrops. We ended up with seven fishery clus-
ters, which we named after their main target species (Appendix I).

We visually explored the temporal distribution of the resulting
fishery clusters and identified the year 2006 to be the first with fish-
ing trips in the cluster targeting Nephrops. To analyse the devel-
opment of the emerging German Nephrops fishery, we calculated
changes of relative fishing activity before and after 2006 for each
fishery cluster. First, we calculated the proportional fishing activ-
ity vessels spent in fishing clusters for both time periods, meaning
2000-2005 and 2006-2019, by dividing the number of fishing trips
per cluster by the total number of fishing trips of the respective ves-
sel. We removed vessels with fishing activity in only one time period
and clusters with less than 30 trips across the entire study period,
which made up less than 1% of all data. Second, we calculated the
difference of proportional fishing activity before and after 2006 per
cluster and vessel. Third, we summed up all proportional changes in
fishing activity for each pair of fishing cluster. Finally, we visualized
the shifts from one fishery cluster to another as a chord diagram
using the circlize package for R (Gu, 2014).

VMS

In a following step, we obtained VMS data for previously identi-
fied fishery clusters targeting Nephrops to analyse their spatial dis-
tribution. We removed duplicates and data points in ports from
the VMS data and identified fishing pings, which are affiliated
to slower speeds than when the vessel was steaming. We identi-
fied fishing pings by applying the activityTacsat function from the
VMStools package for R (Hintzen et al., 2012). Subsequently, we
selected only pings affiliated with fishing activity. Through merg-
ing logbook with VMS data (see Appendix II for details), VMS data
could be grouped according to the previously identified fishery clus-
ters. Then, we generated their utility distribution, that is a function
describing the probability of occurrence in a spatial area, using the
least-square cross-validation method with the adehabitatHR pack-
age for R (Calenge, 2006). We visualized core fishing areas by ex-
tracting 90% contours, referring to the minimum area in which ves-
sels of a respective cluster have a 90% chance of occurrence.

Quotas

We received information on request about German Nephrops quo-
tas (2003-2019) from the German Federal Office for Agriculture
and Food (BLE; www.ble.de). Annual Nephrops quotas are assigned
to EU member states and may then be swapped among countries.
We received information on individual quota swaps from the BLE,
which enabled us to quantify the amount of Nephrops quota Ger-
many received from other EU member states and for what quota
species it was swapped for.

Spatial overlap analysis

To assess the current and future spatial competition of the Nephrops
fishery with other human uses in the North Sea, we obtained a
data set on offshore wind farm (OWF) development from 4C Off-
shore Ltd (status March 2021) and marine Natura 2000 sites from
the European Environmental Agency (status December 2020). Like
all trawl fisheries, Nephrops trawler activity is prohibited in and
around OWFs due to the risk of damaging OWF structures and
submarine cables. We grouped OWFs in the North Sea according
to three categories: (a) existing OWFs (sites that generate power or
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Figure 2. International Nephrops landings and catches, as well as advised total catches (light blue) or landings (dark blue) from ICES per
functional units (FU). Catches are composed of landings (greens) and discards (grey). Years for which there were available discard information

are coloured in dark green. The red arrows above bars indicate years with surpassed catch or landings recommendations.

were under construction in 2020), (b) planned OWFs (all other sites
with a construction start date between 2020 and 2033), and (c) po-
tential sites (all sites without a construction start date minus those
projects that have been cancelled or with failed proposals).
Furthermore, given that Nephrops FUs are based on statisti-
cal rectangles (1° Longitude x 0.5° Latitude) and do not repre-
sent fine-scale fishing grounds, we determined the suitable habitat
for Nephrops within FUs using muddy sediment occurrence. We
obtained substrate data from Emodnet (www.emodnet.eu; status
December 2020) and used the classification “mud to sandy mud”
to characterize suitable Nephrops habitats. Subsequently, we deter-
mined relative spatial overlaps between present and future spatial
restrictions, i.e. the three OWF groups and Natura 2000 sites, and
all FUs in the North Sea, Nephrops habitats, and core fishing areas of
the German fleet. All spatial analyses were done using ArcGIS 10.3.

Results

International Nephrops landings

Total international landings of Nephrops in the North Sea generally
decreased from 2003 to 2018 peaking in 2007 with 24 kt (Appendix
III). Across the entire time range, landings were highest in FU7 (7.3
kt), FU8 (2.1 kt), and FU6 (2 kt), all located in the UK exclusive
economic zone (EEZ).

In only two out of nine North Sea Nephrops FUs, catches or
landings have not been exceeding the advised amounts in any year
(Figure 2). From the years with available catches or landings and
advised quantities, catches or landings exceed advised quantities in
most years in the FUs 6 (77%) and 8 (85%). Landings or catches
from the FUs 5,9, 33, 34, and the outside region (North Sea area out-
side of FUs) exceeded advised quantities only after 2011, whereas
FU 7 exceeded advised fishing opportunities only slightly from 2007
to 2009. On average, proportional excesses were highest in the out-
side area (216%) and lowest in FU7 (113%). For the years 2019-
2021, no EU landing or catch data was available at the time we per-

UK tons
(I) 50.00 ’IOL:JOU 1 5(?00 ZOCI)OO
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Germany 1 .-—
France{ |,
Denmark | T
Netherlands 1 ___._' TAC
Belgium B . i Landings
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Figure 3. Yearly averages (2003-2016) of Nephrops landings and total
allowable catches (TAC) in the North Sea per country. Displayed are
all countries with a Nephrops TAC in the fishing area 27 IV and lla.
Error bars indicate standard deviation across years.

formed this analysis, but scientific advices remained on a similar
level compared to previous years, except for FUs 7 and 8, with the
former showing a decrease and the latter an increase.

A comparison of annual averages of landings and TACs by coun-
try (Figure 3) revealed that the Netherlands and Germany have
been fishing Nephrops above their quotas and, therefore, acquired
additional catch capacities from other EU member states (Appendix
IV). Germany required the highest additional quota on average (356
t) followed by the Netherlands (320 t). The UK, France, and Bel-
gium fished below their quotas and therefore had capacities to swap
their Nephrops quota with other EU member states. The UK had
by far the highest average quota swap capacity (3400 t) followed
by Belgium (770 t) and France (31 t). Denmark’s average Nephrops
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Figure 4. The chord diagram shows the relative shift of fishing hours
of all German vessels that ever participated in the Nephrops fishery
(2000-2019). The connections represent flows from before to after
2006 between source clusters (outer wide circle) and target clusters
(inner thin circle).

landings were only slightly lower than its TAC. Due to unavailable
international catch and discards data, we compared landings to na-
tional quotas. This is a conservative comparison, because landings
do not include discarded Nephrops at sea.

German Nephrops fisheries
Emergence of the German Nephrops fleet
We identified 22 vessels that targeted Nephrops in at least 1 year
between 2000 and 2019 in the North Sea. Our cluster analysis
revealed a distinct variation in fishing activities across these ves-
sels over the past 20 years. We identified seven fishery clusters,
which could be characterized by their main target assemblage: (I)
plaice, (I1) whiting, (III) cod, (IV) sole, (V) brown shrimp, (VI)
Nephrops & plaice, and (VII) brown crab. Most fishery clusters tar-
get spatially different areas underlining that they are distinct fish-
ing practices (see Appendix I for details). The only clusters catch-
ing substantial amounts of Nephrops (among the ten most caught
species) were Nephrops ¢ plaice and plaice, the former primar-
ily targeting Nephrops, whereas the latter primarily caught plaice
and other demersal species with minor Nephrops amounts. The
temporal composition of fishery clusters per year showed that the
Nephrops & plaice group was merely present before 2006 and then
remained stable with about 100-200 trips per year (Appendix I).
The brown shrimp fishery cluster was another fishing practice that
emerged in 2006 within the defined fleet. The other fishery clus-
ters became less abundant over the time period and the whiting and
brown crab groups disappeared in most years after 2012. Moreover,
the clusters brown crab and sole were relatively small clusters with
less than 30 trips (< 1% of all trips) and thus removed from the
analysis.

As shown in Figure 4, German vessels that switched to Nephrops
& plaice after 2006 were previously engaging in the follow-

ing fishery clusters (percentages represent proportional fishing
activity of all vessels in the Nephrops ¢ plaice cluster): plaice
(82%), cod (11%), whiting (4%), and brown shrimp (< 1%). Fur-
thermore, a large amount of fishing activity became allocated to the
brown shrimp cluster, emerging from the plaice, cod, and whiting
clusters.

Spatial distribution, infrastructure, and quotas

The German Nephrops fleet targets FU5 and FU33 (Figure 5), both
located in the German Bight and, among all FUs, closest to Ger-
man harbours (Figure 1). The former is located in the EEZs of
the Netherlands and UK, whereas the latter is located in the Ger-
man and Danish EEZs. Several other nations are participating in
the Nephrops fishery in the German Bight. Ranked in terms of
landed Nephrops, from highest to lowest these are: the UK, the
Netherlands, Belgium, Germany, Ireland, and France (Figure 5).
Denmark predominantly fishes in FU33 and the UK in FU5, which
represents the FUs closest to their coastlines. Moreover, there is
a considerable amount of Nephrops landed from outside of the
FUs suggesting some mismatch of FUs and catch areas. This is
also supported by the large areas of suitable Nephrops habitat ad-
jacent to the FUs 5 and 33 (Figure 1). Note that these results
are based on STECF data excluding non-EU countries, such as
Norway.

Based on an annual average, German vessels mainly landed
Nephrops in Dutch (450 t) followed by German (31 t) and Danish
ports (11 t), clearly highlighting the strong dependency of the Ger-
man Nephrops fishery on international infrastructure (Appendix
V).

The UK receives by far the largest share of North Sea Nephrops
quota, followed by Belgium, Denmark, the Netherlands, France,
and Germany (Figure 6). The German share of the North Sea
Nephrops TAC is extremely low (0.08%), which resulted in an an-
nual average of just 17 t (2003-2020). To increase fishing opportu-
nities, Germany swapped quota with other member states, mainly
the UK, followed by Belgium and the Netherlands (Figure 6). From
2003 to 2019, Germany performed 190 swaps gaining a total of
9100 t of Nephrops quota (Appendix IV). With regard to the num-
ber of transfers, most species quotas used as exchange currency
were cod (42), whiting (27), ling (24), anglerfish (21), haddock (17),
hake (14), and sole (14). Despite the known received quantities of
Nephrops quota, the data resolution did not allow to quantify the
quotas given by Germany.

Current and future spatial constraints for the Nephrops
fishery

North Sea

Currently only a minor fraction of FUs overlaps with OWFs and un-
til 2033, on average, not even 1% of FUs will overlap with planned
OWFs (Table 1; Figure 7a). However, if we consider potential OWF
areas (those without starting date), we found an overlap of on av-
erage 8% per FU. An area of similar size (8%) could be closed to
fishing under Natura 2000 regulations. While the majority of FUs
face none or little spatial constraints from both OWF developments
and Natura 2000 (0-6% when only suitable mud areas are consid-
ered), the FUs 5, 9, and 33 may face substantial losses of up to 28%
of the fishing area.
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Figure 6. Nephrops total allowable catch (TAC) in the North Sea as percentage per country (pre-Brexit), which is also referred to as relative
stability (left) and annual averages of Nephrops quota (2003—2019) Germany received from other countries (right).

German Nephrops fishery

There was almost no overlap (1%) of planned OWFs (until
2033) and the two German fishery clusters catching Nephrops
(plaice and Nephrops & plaice; Table 1; Figure 7b). However,
this is a conservative estimate including only OWFs for which

a construction date was set. In fact, the overlap of both fish-
ery clusters with potential OWF developmental areas and Natura
2000 sites was considerably larger. The relative overlap area
was 45% for the Nephrops & plaice and 31% for the plaice
cluster.
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Table 1. Relative spatial overlap as percentage of functional unit (FU) for Nephrops management and suitable Nephrops habitat (mud) per FU
with Natura 2000 sites and offshore wind frams (OWF) at three different developmental stages: existing (before 2020), planned (2020-2033),
and potential (without starting date). The bottom part displays the overlap of fishing core areas of German Nephrops fishery clusters with OWF
developmental stages and Natura 2000 sites.

N2000
OWF OWF OWF N2000 and all
Mud OWF existing OWF planned OWF  potential N2000 and all OWFs
content  existing (mud) planned (mud) potential (mud) N2000 (mud) OWFs (mud)
FU
10 129 0.0 0.0 0.0 0.0 0.6 0.0 2.4 0.0 3.1 0.0
32 42.7 0.0 0.0 1.0 2.1 13 2.1 0.0 0.0 1.4 22
33 37.6 0.2 0.0 0.0 0.0 30.2 27.5 13 0.2 31.8 27.7
34 20.0 0.0 0.0 0.0 0.0 6.8 0.9 0.0 0.0 6.8 0.9
5 27.7 2.4 0.0 3.5 0.0 220 1.5 39.8 221 52.7 235
6 19.0 0.0 0.0 0.0 0.0 0.1 0.2 6.1 29 6.3 33
7 49.8 0.0 0.0 0.0 0.0 3.6 1.2 0.7 0.1 4.2 13
8 23.6 3.0 2.0 0.7 0.0 2.7 0.8 9.8 2.7 16.2 5.6
9 18.5 3.6 0.0 1.9 0.0 6.1 0.0 13.0 27.6 24.8 27.6
Mean 28.0 1.0 0.2 0.8 0.2 8.2 3.8 8.1 6.2 16.4 10.2
Fishing areas
Nephrops & plaice - 0 - 1.2 - 22.6 - 213 - 45.1 -
Plaice - 0 - 0.9 - 17.5 - 13.5 - 30.7 -
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Figure 7. (a) The North Sea with Nephrops functional units (FU), designated Natura 2000 conservation sites (in green), and offshore wind
farms (OWF) at different developmental stages: existing (black; before 2020), planned (dark blue; 2020-2033), and potential (light blue;
without starting date); (b) The German Bight with the core fishing areas of the German fishing fishery clusters Nephrops & plaice (dashed line)
and plaice (solid line) and their overlap with different stages of OWF development and Natura 2000 conservation sites.
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Discussion

Our analysis revealed a heterogenous distribution of international
Nephrops fishing activities in the North Sea. Some functional units
(FU) were exploited above the advice, yet the overall quota was not
exceeded. To date, Nephrops FUs are not affected by spatial restric-
tions due to other sectoral plans, i.e.offshore wind farms (OWF)
or marine portected areas (MPA). However, this will change with
expanding OWFs and future MPAs being implemented in the EU
Natura 2000 network. In particular FUs in the German Bight and
core fishing areas of the German Nephrops fleet could experience
spatial constraints of up to 45% due to the expansion of OWFs and
newly implemented MPAs.

The North Sea Nephrops fishery

Fisheries management and ecological considerations

Although the overall total allowable catch (TAC) for Nephrops in
the North Sea has not been exceeded in the past two decades, sev-
eral annual landings and catches from individual Nephrops popula-
tions (FUs) were higher than advised by ICES. Out of the nine FUs
in the North Sea, Nephrops landings or catches exceeded recom-
mended fishing opportunities in seven FUs in at least 1 year. This
is problematic from a marine conservation point of view, not only
because the fishery threatens the health of the stock itself, but also
because Nephrops is mainly caught in a mixed fishery with high
bycatches using bottom trawls (Revill et al., 2006; Catchpole and
Revill, 2008; Ungfors et al., 2013). Therefore, the concentration of
fishing effort of Nephrops trawlers on several FUs might have nega-
tive effects for the whole benthic ecosystem. Bycatch species, which
are of an economic value, may pose an important additional source
of income for Nephrops fishers (Bailey ef al., 2012). However, the
proportion of undersized finfish and other non-marketable species
is high and the Nephrops fishery has been identified as one of the
main contributors to European unwanted bycatches (Catchpole et
al., 2006; Catchpole and Revill, 2008). The reduction of unwanted
bycatch could be achieved by using alternative fishing gears (Catch-
pole and Revill, 2008; Santos, 2016; Cosgrove et al., 2019). One ex-
ample would be passive gears, such as creels, which have a higher se-
lectivity and a lower impact on the sea floor (Hornborg et al., 2017).
The usage of more selective trawls like “Sepnet” or trawls with se-
lection grids are further examples how unwanted bycatch may be
reduced (Catchpole and Revill, 2008). The promotion of selective
and sustainable gears is also stated in the EU common fisheries pol-
icy article 17: “[...] member states shall use transparent and objective
criteria including those of environmental, social and economic nature.
The criteria to be used may include, inter alia, the impact of fishing
on the environment, the history of compliance, the contribution to the
local economy |[...]“ (European Union, 2013). It further states that
“[...] member states shall endeavour to provide incentives to fishing
vessels deploying selective fishing gear [...].” As creels are more selec-
tive and may result in higher economic return (Leocadio et al., 2012;
Williams and Carpenter, 2016; Hornborg et al., 2017), EU mem-
ber states should create incentives to switch from Nephrops trawls
to creels. However, in highly mixed Nephrops fisheries, which gain
value by catching many different species, selective gears might be
less economically viable.

Given that Nephrops is a rather sedentary species with specific
habitat requirements (Johnson et al., 2013), populations are unable
to shift to other areas. A major task in conserving Nephrops popu-
lations is thus to safeguard their habitats by managing the fisheries
on each FU individually, rather than the entire North Sea (Williams

J. Letschert et al.

and Carpenter, 2016; ICES, 2020a). Individual fisheries manage-
ment should be based on sufficient knowledge about stock status
in each FU. As there is still insufficient scientific information to
estimate stock sizes for the FUs 5, 32, and 34 (ICES, 2020c), fur-
ther ecological surveys in these FUs would be necessary. Climate
change may pose another stressor for Nephrops, as ocean acidifi-
cation has been observed to negatively affect Nephrops’ physiology
(Hernroth et al., 2012; Johnson et al., 2013). Moreover, Nephrops
is habitat-bound and thus unable to mitigate unfavourable condi-
tions by northward shifts of populations, as it has been observed
for plaice, cod, and seabass (Colman et al., 2008; Engelhard et al.,
2011; Neat et al., 2014).

Spatial competition in the North Sea

Our spatial analysis suggests that OWFs and Natura 2000 sites over-
lap only marginally with the North Sea Nephrops fisheries, espe-
cially if suitable Nephrops habitats rather than FUs are considered.
Furthermore, the most productive FUs in terms of total landings,
all located in UK waters, are among the least affected. However,
there are vast differences among FUs ranging from hardly overlap-
ping with OWFs and Natura 2000 sites to more than half of the area
covered. This could indeed pose challenges, in particular for those
fleets operating in FUs with large losses of fishing areas, as bottom
trawling is prohibited in OWFs and largely restricted in Nature 2000
sites (Probst et al., 2021; Stelzenmiiller et al., 2021). Displacement
options for the fisheries are limited, due to strong habitat require-
ments of Nephrops. In addition, OWFs may function as an obsta-
cle for fishing vessels if they do not provide navigation corridors,
potentially increasing time and fuel used by fishers to drive to fish-
ing grounds. Underwater cables connecting OWFs to the main grid
may further restrict bottom trawl activity if they are not burrowed
deep enough (Rességuier et al., 2009). One opportunity to reduce
the impact of OWFs on fisheries is the introduction of co-location
options and hence enable fishers to continue catching Nephrops
in OWFs using passive gears, such as creels (Leocadio et al., 2012;
Stelzenmdiller et al., 2021)

The German Nephrops fleet—a recent adaptation with
an uncertain future

Our findings show that the German Nephrops fishery emerged in
2006 and originated from other fisheries targeting demersal species.
The reason for this shift might be an adaptation to ecological and
economic boundary conditions. Some fishers who originally tar-
geted cod were likely forced to switch to another fishery, since cod
catches have been declining in the southern and central North Sea
as a result of a combination of overfishing, climate change, and
falling recruitment (Cook et al., 1997; Beaugrand et al., 2003; Fock
et al., 2014). By the end of 2019, there were almost no fishers left
targeting cod in the considered fleet. Another reason might be low
market prices for flatfish in the years before 2006. As a consequence,
the demersal fishery targeting flatfish had become less profitable,
making the option of switching to a Nephrops fishery economically
more attractive.

Spatial competition in the German Bight

Core areas of the German Nephrops fishery will be spatially con-
strained by Natura 2000 sites. Although a ban of most bottom trawl-
ing in Natura 2000 sites is likely, fishing restrictions have not yet
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been finalized and therefore the real impact cannot be assessed at
this point. When considering all potential OWFs and Natura 2000
sites, almost half of the Nephrops core fishing area would be covered
and therefore likely unavailable for bottom trawling. Although this
is the extreme scenario in terms of OWF expansion, ambitious na-
tional and EU climate targets (European Commission, 2020b) sup-
port the renewable offshore energy sector in the North Sea and in-
dicate that it is indeed realistic.

The impact of Brexit

We have shown that the German and Dutch Nephrops fleets are de-
pendent on additional Nephrops quotas acquired from other coun-
tries and thus might be most affected by the Brexit. Although both
countries will still be able to swap quotas with the UK, decreased
quotas of other species may affect their swapping capabilities. Ger-
many used mainly cod quotas in exchange for UK Nephrops quo-
tas, however, German North Sea cod TACs have been decreasing in
the last decades due to the poor status of the southern North Sea
cod stock (ICES, 2019). Moreover, the EU-UK trade and coopera-
tion agreement determines a decrease of 19% cod TAC for each EU
member state from 2020 to 2025 (European Commission, 2020c¢;
European Union, 2021), meaning that Germany might lack suffi-
cient quota swapping currency to sustain its Nephrops fishery.

The future of the German Nephrops fishery

Currently, Nephrops represents a commercially important species
in the German fisheries. Whether this fishery can be maintained or
even expanded depends on several aspects. Activities of the Ger-
man Nephrops fishery almost completely coincided spatially over
time (Appendix IV), underpinning the strong habitat requirements
of Nephrops (Johnson et al., 2013; Lolas et al., 2021). On the other
hand, this highlights the vulnerability of the fishery, since, as it is the
case for the target species itself, the fishery cannot move to alterna-
tive fishing grounds. In combination with the newly implemented
OWPFs and Natura 2000 sites, this will lead to substantial constraints
of the German Nephrops fishery in the next few decades. The Brexit
poses a more immediate threat for the German Nephrops fishery
due to reduced Cod quota until 2025 and, thus, fewer swapping ca-
pacities for Nephrops quotas. However, the most general and un-
certain effect will be due to climate change and affiliated changes,
i.e. warming North Sea waters and ocean acidification. Moreover,
past landings and catches from FUs in the German Bight surpassed
ICES advices indicating unsustainable fishing and risking local de-
pletions, that is despite ICES advices for FUs 5 and 33 recommend-
ing a decrease in catches since 2013. Therefore, from a conservation
perspective, Nephrops fisheries in the German Bight should de-
crease in comparison to previous years, rather than expand. Over-
all, our results point to reduced future opportunities for the German
fishers targeting Nephrops in the German Bight. Therefore, possi-
ble adaptations would be either to switch to alternative fisheries or
market lower catch amounts at a higher price. Switching to more
selective gears, e.g. creels, might offer the chance to advertise the
landed Nephrops as being caught more sustainably, thus justifying
a higher price.

Our analysis focused on the evaluation of importance of distinct
spatial areas for the German Nephrops fishery, hence not providing
a measure of uncertainty for various future spatial use scenarios.
However, our results provide an important baseline for subsequent

studies of the spatio-temporal dynamics of this fishery and the ef-
fects of spatial use restrictions, as well as climate change.

Conclusions

Our results point to an exhaustion of the North Sea Nephrops
fishing capacities, supporting the call for a precautionary and
well-defined management for Nephrops, including individual reg-
ulations for stocks. Further ecological and fisheries research is
needed to develop accurate stock assessments and explore the con-
sequences of climate change on North Sea Nephrops. While the
current and future spatial restrictions in most Nephrops fishing
grounds in the North Sea are marginal overall, those in the German
Bight will face a loss of up to almost 45% due to OWF expansion
and fisheries regulations related to Natura 2000 sites. Co-location
of OWF and fisheries including a switch to passive and more selec-
tive fishing gears could mitigate the loss of fishing opportunities and
sustain fishers’ livelihoods. Although the Brexit will not influence
Nephrops quota distribution in the North Sea, cutbacks of other
species TACs might reduce the swapping capacities of countries to
acquire Nephrops quota from the UK. In the case of Germany, de-
creased cod quotas, will lower the ability to obtain Nephrops quota.
Furthermore, our findings indicate that German fishers switched
to Nephrops because of its high economic value and the declin-
ing availability of other former target species in the German Bight.
Overall, in this study we analysed the various influences on inter-
national and German Nephrops fisheries from different angles. Our
study highlights the need for cumulative impact assessments to un-
derstand historic developments in fisheries and to judge on upcom-
ing risks. Only with this knowledge target-oriented mitigation mea-
sures may be recommended.

Supplementary data
Supplementary material is available at the ICESJMS online version
of the manuscript.

Data availability statement

The majority of the data underlying this article is accessible in pub-
lic repositories or the supplementary material. Details on the Ger-
man fishing data cannot be shared due to commercial sensitive in-
formation. Spatial polygons of offshore windfarms cannot be made
publicly available, because a license was purchased.

Authors contribution

NS, JL, HR, and VS were responsible for the conceptualization and
design, JL and NS collected the data; JL analysed the German case
study data; HR performed the spatial overlap analysis; AK and JB
helped to interpret the results; JL lead the writing process; and all
authors revised and improved the manuscript.

Acknowledgements

JL, NS, and HR were funded by the project SeaUseTip (BMBF;
01LC1825A). We thank the five anonymous reviewers for their
constructive comments, which greatly helped improving the
manuscript.

220z AInp G| uo Jesn Areiqr [eouyoa] INNJ Ad 821 | ¥9/6€9€/01/8./9101Me/Swlsa01/100 dNo dlLapED.//:Sd)Y WOl) PAPEOjUMOQ


https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsab204#supplementary-data

3648

References

Aguzzi, J., and Sarda, E 2008. A history of recent advancements on
Nephrops norvegicus behavioral and physiological rhythms. Re-
views in Fish Biology and Fisheries, 18: 235-248.

Bailey, M. C., Polunin, N. V., and Hawkins, A. D. 2012. A Sustain-
able Fishing Plan for the Farne Deeps Nephrops fishery. Report to
the Marine Management Organisation. UK: Newcastle University,
Newcastle.

Beaugrand, G., Brander, K. M., Alistair Lindley, J., Souissi, S., and Reid,
P. C. 2003. Plankton effect on cod recruitment in the North Sea. Na-
ture, 426, 661-664.

Briggs, R. P. 1986. A general review of mesh selection for Nephrops
norvegicus (L.). Fisheries Research, 4: 59-73.

Calenge, C., 2006. The package “adehabitat” for the R software: a tool
for the analysis of space and habitat use by animals. Ecological Mod-
elling, 197: 516-519.

Catchpole, T. L., Frid, C. L. ., and Gray, T. S. 2006. Resolving the discard
problem—A case study of the English Nephrops fishery. Marine Pol-
icy, 30: 821-831.

Catchpole, T. L., and Revill, A. S. 2008. Gear technology in Nephrops
trawl fisheries. Reviews in Fish Biology and Fisheries, 18: 17-31.
Colman, J. E., Pawson, M. G., Holmen, J., and Haugen, T. O. 2008. Eu-
ropean Sea bass in the North Sea: past, present and future status, use
and management challenges, InAas, and@. (Ed.), Global Challenges
in Recreational Fisheries. Blackwell Publishing Ltd, Oxford, UK, pp.

111-129.

Cook, R. M., Sinclair, A., and Stefansson, G. 1997. Potential collapse of
North Sea cod stocks. Nature, 385: 521-522.

Cosgrove, R., Browne, D., Minto, C., Tyndall, P., Oliver, M., Mont-
gomerie, M., and McHugh, M. 2019. A game of two halves: bycatch
reduction in Nephrops mixed fisheries. Fisheries Research, 210: 31—
40.

Engelhard, G. H., Pinnegar, J. K., Kell, L. T., and Rijnsdorp, A. D., 2011.
Nine decades of North Sea sole and plaice distribution. ICES Journal
of Marine Science, 68: 1090-1104.

EUMOFA. 2019. Case Study: Norway lobster in the EU.

European Commission. 2020a. EU-UK Trade and Cooperation Agree-
ment — A new relationship with big changes.

European Commission. 2020b. Communication from the Commission
to the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Region.. Stepping
up Europe’s 2030 climate ambition. Investing in a climate-neutral
future for the benefit of our people.

European Commission. 2020c. Council Regulation (EU) 2020/123 of
27 January 2020 fixing for 2020 the fishing opportunities for certain
fish stocks and groups of fish stocks. Applicable in Union waters and,
for Union fishing vessels, in certain non-Union waters 156.

European Commission. 2021. Council Regulation amending Regula-
tions (EU) 2019/1919, (EU) 2021/91 and (EU) 2021/92 as regards
certain fishing opportunities for 2021 in Union and non-Union wa-
ters.

European Union. 2013. Regulation (EU) No 1380/2013 of the Euro-
pean Parliament and of the Council of 11 December 2013 on the
Common Fisheries Policy, amending Council Regulations (EC) No
1954/2003 and (EC) No 1224/2009 and repealing Council Regula-
tions (EC) No 2371/2002 and (EC) No 639/2004 and Council Deci-
sion 2004/585/EC.

European Union. 2021. Trade and Cooperation Agreement between the
European Union and the European Atomic Energy Community, of
the one part, and the United Kingdom of Great Britain and Northern
Ireland, of the other part. Official Journal of the European Union.

Evans, S. M., Hunter, ]. E., Elizal, , and Wahju, R. 1. 1994.
Composition and fate of the catch and bycatch in the Farne
Deep (North Sea) fishery. ICES Journal of Marine Science, 51:
155-168.

Fock, H. O., Kloppmann, M. H. E, and Probst, W. N. 2014. An early
footprint of fisheries: changes for a demersal fish assemblage in the

J. Letschert et al.

German Bight from 1902-1932 to 1991-2009. Journal of Sea Re-
search, 85: 325-335.

Gibin, M., and Zanzi, A. 2020. Fisheries landings & effort: data by c-
square (2015-2019). European Commission, Joint Research Centre
(JRO).

Gu, Z. 2014. Circlize implements and enhances circular visualization in
R. Bioinformatics, 30: 2811-2812.

Halpern, B. S., Frazier, M., Potapenko, J., Casey, K. S., Koenig, K., Longo,
C., Lowndes, J. S. et al. 2015. Spatial and temporal changes in cu-
mulative human impacts on the world’s ocean. Nature Communi-
cations, 6: 7615.

Hernroth, B., Skold Nilsson, H., Wiklander, K., Jutfelt, F,, and Baden,
S. P. 2012. Simulated climate change causes immune suppression
and protein damage in the crustacean Nephrops norvegicus. Fish and
Shellfish Immunology, 33: 1095-1101.

Hintzen, N. T., Bastardie, F, Beare, D., Piet, G. J., Ulrich, C., Deporte,
N., Egekvist, ]. et al. 2012. VMStools: open-source software for the
processing, analysis and visualisation of fisheries logbook and VMS
data. Fisheries Research, 115-116: 31-43.

Hornborg, S., Jonsson, P.,, Skold, M., Ulmestrand, M., Valentinsson, D.,
Ritzau Eigaard, O., Feekings, J. et al. 2017. New policies may call for
new approaches: the case of the Swedish Norway lobster (Nephrops
norvegicus) fisheries in the Kattegat and Skagerrak. ICES Journal of
Marine Science, 74: 134-145.

ICES. 2019. Cod (Gadus morhua) in Subarea 4, Division 7.d, and Sub-
division 20 (North Sea, eastern English Channel, Skagerrak). doi:
10.17895/ICES.ADVICE.5640.

ICES. 2020a. Norway lobster (Nephrops norvegicus) in Division 4.b,
Functional Unit 33 (central North Sea, Horn’s Reef). doi: 10.17895
/ICES.ADVICE.5803.

ICES. 2020b. Greater North Sea ecoregion - Fisheries overview, includ-
ing mixed-fisheries considerations. doi: 10.17895/ICES.ADVICE.7
605.

ICES. 2020c. ICES Working Group on the Assessments of Demersal
Stocks in the North Sea and Skagerrak (WGNSSK) (No. 2/61).

Johnson, M. P, Lordan, C., and Power, A. M. 2013. Habitat and ecology
of Nephrops norvegicus, In Advances in Marine Biology. Elsevier, pp.
27-63.

Legendre, P, and Legendre, L. 2012. Numerical Ecology, 3rd edn. Else-
vier Science BV, Amsterdam.

Leocddio, A. M., Whitmarsh, D., and Castro, M. 2012. . Com-
paring trawl and creel fishing for Norway Lobster (Nephrops
norvegicus): biological and economic considerations. Plos ONE, 7:
€39567.

Lolas, A. and Vafidis, D. 2021. Population Dynamics, Fishery, and Ex-
ploitation Status of Norway Lobster (Nephrops norvegicus) in East-
ern Mediterranean. Water 13: 3 289.

Neat, F. C,, Bendall, V,, Berx, B., Wright, P. J., o Cuaig, M., Townbhill,
B., Schon, P-J. et al. 2014. Movement of Atlantic cod around the
British Isles: implications for finer scale stock management. Journal
of Applied Ecology, 51: 1564-1574.

Oksanen, J., Blanchet, E G., Friendly, M., Kindt, R., Legendre, P,
McGlinn, D., Minchin, P. R. et al. 2019. vegan: Community Ecol-
ogy Package. R package version 2.5-6.

Phillips, B.E. (Ed.), 2006. Lobsters: Biology, Management, Aquaculture,
and Fisheries. Blackwell Publ, Oxford.

Probst, W. N,, Stelzenmiiller, V., Rambo, H., Moriarty, M., and Green-
street, S. P. R. 2021. Identifying core areas for mobile species in space
and time: a case study of the demersal fish community in the North
Sea. Biological Conservation, 245: 108946.

R Core Team. 2019. R: A language and environment for statistical com-
puting.

Rességuier, S., Bendzovski, S., Strem, P. J., Wathne, H., Vigsnes, M., and
Holme, J. 2009. Assessment of trawl board and anchor penetration
in different soils for use in selection of a burial depth to protect sub-
marine cables or pipelines, In Proceedings of the International Con-
ference on Offshore Mechanics and Arctic Engineering - OMAE.
Presented at the International Conference on Offshore Mechanics

220z AInp G| uo Jesn Areiqr [eouyoa] INNJ Ad 821 | ¥9/6€9€/01/8./9101Me/Swlsa01/100 dNo dlLapED.//:Sd)Y WOl) PAPEOjUMOQ


https://doi.org/10.17895/ICES.ADVICE.5640
https://doi.org/10.17895/ICES.ADVICE.5803
https://doi.org/10.17895/ICES.ADVICE.7605

The uncertain future of the Norway lobster fisheries in the North Sea calls for new management strategies 3649

and Arctic Engineering, Honolulu, HI 31 May-5 June 2009, pp. 151
161.

Revill, A., Dunlin, G., and Holst, R. 2006. Selective properties of the
cutaway trawl and several other commercial trawls used in the Farne
Deeps North Sea Nephrops fishery. Fisheries Research, 81: 268-275.

Santos, J. 2016. Bericht iiber die 725. Reise des FFS Solea vom 07.09
bis 23.09.2016 : Fahrtleitung: Juan Santos 47. Thiinen-Institut fiir
Ostseefischerei.

STECF. 2020. The 2020 annual economic report on the EU fish-
ing fleet (STECF 20-06). Publications Office of the European
Union.

Stelzenmiiller, V., Gimpel, A., Haslob, H., Letschert, J., Berkenhagen,
J., and Briining, S. 2021. Sustainable co-location solutions for
offshore wind farms and fisheries need to account for socio-
ecological trade-offs. Science of The Total Environment, 776:
145918.

Stelzenmiiller, V., Gimpel, A., Letschert, J., Kraan, C., and Déring, R.
2020. Impact of the Use of Offshore Wind and Other Marine Re-
newables on European Fisheries (Research for PECH Committee).
European Parliament, Policy Department for Structural and Cohe-
sion Policies, Brussels.

Ulrich, C., Wilson, D. C. K,, Nielsen, J. R., Bastardie, F, Reeves, S. A.,
Andersen, B. S., and Eigaard, O. R. 2012. Challenges and opportuni-
ties for fleet- and métier-based approaches for fisheries management
under the European Common Fishery Policy. Ocean and Coastal
Management, 70: 38-47.

Ungfors, A., Bell, E., Johnson, M. L., Cowing, D., Dobson, N. C., Bublitz,
R., and Sandell, J. 2013. Nephrops fisheries in European waters, In
Advances in Marine Biology. Elsevier, pp. 247-314.

Williams, C., and Carpenter, G. 2016. The Scottish Nephrops fishery:
applying social, economic, and environmental criteria. NEF Work-
ing Paper 73. New Economics Foundation.

Handling Editor: Shareef Siddeek

220z AInp G| uo Jesn Areiqr [eouyoa] INNJ Ad 821 | ¥9/6€9€/01/8./9101Me/Swlsa01/100 dNo dlLapED.//:Sd)Y WOl) PAPEOjUMOQ



