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1. Introduction

1.1. The long History of human impact on marine resources

The history of human impacts on aquatic ecosystems spreads across the millennia and is
almost as ancient as humankind itself. Marine fauna has played an important role for the
development of coastal tribes, supplying food and materials for housing, tools and clothing. Then
fish, bivalves, whales and seals began to be target of ancestral fisheries, leading to the rarefaction
of some of the few stocks that were accessible with primitive gears. In the European Middle Age,
professional fishing and seafood consumption was confined to the coastal zone due to fear of
great seas, and not adapted sailboats and conservation means (Mollat, 1987; Sarhage and
Lundbeck, 2012). While some documents reported changes in yields and length of exploited fish
such as the herring in North Sea in the 13" century (Gascuel, 2019). The common thinking still
considered marine resources as unlimited at that time, and until the end of the 19" century. With
1850 came the exponential growth of human population. In 160 years, global population increased
by 600% (United Nations, 2017). Global demand of animal protein from seafood inflated in parallel
with population gain, multiplied by three during the 20" century, reaching 20.2 kg/capita/year
nowadays (FAO, 2018). To supply this demand, industrialization occurred to modernize fisheries,
with the emergence of trawlers with steam and then combustion engine, allowing catching fish
faster, further and every time (Gascuel, 2019). Within the 1,200 fish species known in European
waters (Nieto, 2015), fisheries mainly selected icon species such as cod, herring, hake, sole,
plaice, pilchard, halibut, herring and mackerel. However, over the last decades, the diversity of
catch increased from 8 to 24 exploited species on average and overexploitation expanded
affecting progressively numerous stocks such as large demersal fish, that have been historically

dominant in the catch (Gascuel et al., 2016).

1.2. Impacts of fishing on ecosystem structure

European fisheries affect unevenly the ecosystems. In fact, they were built on highly
selective practices, due to cultural and economic preferences: “value is more important than
volume” (Kolding and Zwieten, 2011; Kolding et al., 2016). Thus, fishing impacts the top of the
trophic pyramid by applying a higher fishing mortality on highly valuable predator species that are
less productive (Costello et al., 2012) (Fig. 1). The effects of selective fishing on fish populations

and communities have been well studied and documented since the 1990’s. Changes in species
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abundance and size distributions due to predators overfishing disturbed the trophodynamic of
European marine ecosystems, fostering small species with a shorter life cycle (Pauly et al., 1998;
Borrel, 2013). Predators play a key role in marine ecosystems, by top-down controlling their prey
abundance. They are also considered as architects of biodiversity, because of the pressure they
exert on other species. The loss of predators thus deeply disturbs functional diversity and the
stability of marine ecosystems, making them less resistant and less resilient to environmental and

anthropogenic pressures (Garcia et al., 2003; Isbell et al., 2015).
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Fig. 1: Comparison of common exploitation rates (green line) and production rates (black line)
across trophic levels.
Nielsen, 2018. (Modified from Kolding et al., 2016)

1.3. A science-based management of fisheries?

Since the 1980’s, scientific advices have been more considered in European fisheries
management, which is especially advised by the International Council for Exploration of the Sea
(ICES). The 1982 United Nations Convention on the Law of the Sea and the EU Regulation
1380/2013, adopted the concept of Maximum Sustainable Yield (MSY) as the cornerstone and
the primary goal of fisheries management (Mace, 2001; Zhang et al., 2016). Today, ICES provides
assessments for 397 stocks but Fusy values are provided for 23% of them and 12% have a
biomass above the level that can produce MSY (Froese et al., 2016a). The status quo is still far
from leading to a sustainable state, 64% of these stocks still being overexploited (ibidem),

therefore policies are moving forward to reach the MSY harvesting goal. However, the MSY



approach has long been criticized for (i) being estimated using single-species models, (ii) aiming
to maximize and sustain catch of target species without any consideration of the whole ecosystem
health (Pauly et al, 2002; Hilborn, 2007; Zhang et al., 2016).

1.4. Ecosystem approach to fisheries and the Balanced Harvest theory

The concept of the Ecosystem Approach to Fisheries (EAF) has been proposed as a
holistic framework for a sustainable utilization of aquatic production while preserving functioning
of the ecosystem (CBD, 1992; FAO, 2003; Garcia et al., 2003; Kolding et al., 2016). It especially
aims at maintaining the structure and functioning of aquatic communities, assuming it would allow
the ecosystem to continue providing all ecosystem services that are crucial for humans and other

species welfare (Garcia et al., 2015).

In this framework, balanced harvest (BH) has been suggested as a new paradigm of
fisheries management in order to meet the objectives of the EAF, ensuring high and sustainable
yields while rebuilding and maintaining ecosystem structure and functioning (Zhou et al., 2010;
Garcia et al., 2012). The idea of a balanced multispecies harvest was born in the 1950’s and has
been formally theorized and proposed in 2010 by the Fisheries Expert Group of the IUCN
Commission on Ecosystem Management (Garcia et al., 2011). BH was formerly defined as “a
fishery management strategy distributing a moderate fishing pressure across the widest possible
range of species, stocks, and sizes of animals within an ecosystem, in proportion to their natural
productivity so that the relative size and species composition is maintained” (Garcia et al., 2012).
Zhou et al. (2019) elaborated this definition and described BH as the “management strategy and
collective fishing activities that impose moderate fishing mortality on each utilisable ecological
group in proportion to its production, to support long-term total sustainable yields while minimizing
fishing impact on the relative species, size, and sex composition within an ecosystem”. In other
words, BH can be considered as an alternative fishing strategy where all organisms from
zooplankton to top-predators are harvested, which moves fisheries management toward an
ecosystem approach (Fig.2). This concept generated lots of questions and debates about its
goals, its feasibility and its real efficiency (e.g. Froese et al. 2016b; Pauly et al. 2016). A main
argument in favor of BH is that applying such fishing strategy would produce higher total catches
while rebuilding the biomass of predators (Garcia et al., 2011, 2015, 2016; Kolding et al., 2016;
Reid et al., 2016). But BH has been also criticized by a few scientists arguing that exploitation of
all trophic levels may lead to a large ecosystem impact, due to the cumulative effects of fishing

along the food web. In contrast, BH is also criticized for its many implications, in relation to



selectivity, protection of juveniles, and protected species as well as technological and market
constraints that are often conflicting. Finally, BH is also suspected to encourage the development
of industrial fisheries exploiting low trophic levels, at the expense of European artisanal fisheries
targeting higher and more valuable trophic levels.

log(density)

log(body mass)

Fig.2: An idealized community size spectrum of unexploited community (solid red) and balance
harvested community (dashed red). From Zhou et al., 2019

1.5. Analyzing BH using ecosystem models

Because there is no explicitimplementation of BH in any ecosystem, ecosystem modelling
is the only solution to assess the effects of a BH implementation on ecosystem structure and
functioning. The consequences of BH on ecosystems at species or size scale have been
evaluated with various models in numerous studies (Zhou et al. 2019). Most of them used Size-
spectrum models (e.g. Froese et al. 2016b ; Reid et al. 2016), but there are a few ecosystem
model such as Atlantis models (Garcia et al., 2012; Nilsen, 2018) and Ecopath with Ecosim models
(Garcia et al., 2012, Kolding et al., 2016a) available. These approaches emphasized the difficulty
in modelling balanced harvest across, species and sizes and functional groups; emerging from
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how productivity is specified at individual size or population level. Zhou et al. (2019) states that
applying a fishing mortality rate (F) solely based on average productivity (P/B) of each size or
functional group could lead to depletion of species with low production, against the goals of BH,
which would not be the case if F was based on Production (P). (Zhou et al. 2019). This statement
still has to be tested. Moreover, P/B is readily available from stock assessment data (i.e. total
mortality with steady state assumptions), while P requires accurate knowledge on biomass.
Previous studies found controversial results about effects of BH on ecosystem biomass, structure
and functioning. But these studies were mainly focused on maximization and sustainability of total
catches (lbidem). Heath et al. (2017) explored BH implementations by leading a conceptual
approach in the context of Scottish waters, taking into consideration feasibility and the social
acceptation of BH toward. Research on BH is in its early stages and descriptive contextual studies
with EwWE are rare. Despite critics and debates about BH, additional research must be conducted

to assess the effects and feasibility of implementing a balanced harvest approach in the real world.

1.6. Scientific objective of the current work

In this study, | tested the Balanced Harvest strategy on the Celtic Sea, using the Ecopath
with Ecosim approach (Christensen & Walters, 2005). Like most of the Western world fisheries
Celtic sea is a well-studied ecosystem and a new EwWE model has been recently built by Hernvann
et al. (in prep.). Celtic sea stocks have been over exploited and fishing mortalities now tend to
reach Fusy for species under Total Allowable Catch (TAC) regulation. Thus the scientific question
of this work is: can we test the feasibility of implementing a BH strategy and can we assess its
effects on biomass and catch, using an EWE model such as the one developed in the Celtic sea?
More especially, the following study aims to (i) investigate if BH restricted to species under TAC
regulation would lead to more sustainable, balanced and productive fisheries than if they were
harvested at Fusy and (i) assess the effects on ecosystem structure and functioning of incremental

BH scenarios, from the current range of exploited species toward full BH.



2. Methods

2.1. Study site

The Ecopath with Ecosim (EwE) trophic model of the Celtic sea matches the ICES division
Vlle-j; and is delimited by the coast of UK, Ireland and France to the 200 m isobaths, it covers an
area of 246,000 km2 (Fig.3). Although part of its delimitation is administrative, its unique
hydrological features distinguish the Celtic sea from the bordering areas: the Eastern Channel,
the Bay of Biscay and the Irish Sea. The commercial fisheries occurring in these waters target a
large number of stocks, and catches have increased from 320,000 t in 1980 to 350,000 t in 2017
in areas Vll.e-j, (Mateo et al., 2017; Moullec et al., 2017). In the Celtic Seas Ecoregion (ICES areas

Vl.a-b, Vlla-j), fisheries are mainly pelagic, using mid-water trawling, mostly catching blue whiting,

mackerel, herring and horse mackerel. Demersal fisheries target hake and anglerfish, which are

high valuable species (Fig. 4).
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Fig.3: Map of the Celtic Sea ICES areas Vll.e-j and the model area (hatched).
Pers. Comm. Pierre-Yves Hernvann.
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Fig.4: Composition of annual landings from the Celtic Seas Ecoregion (area Vl.a-b, Vlla-j) fisheries
between 1950 and 2016.
Data from ICES, 2018

2.2.The Ecopath with Ecosim model

Principles and equations
Ecopath is a mass-balance model that represents the trophic structure and functioning of

aquatic ecosystems (Christensen and Pauly, 1992; Christensen and Walters, 2004; Polovina,
1984). In this widely used approach (Colleter, et al., 2015), the ecosystem is modelled using
functional boxes, in which all species are similar in size, food preferences, predators, habitat and
life cycle. The master equations describe (i) the production of each functional group and (ii) the
energy balance:

P\ —yN p Q 4 (P . _EFE. : . .
B; x (B)l_ =¥V, B x (B),- x DCj; + (B)i x B; x (1 —EE;) + Y, + E; + BA,
Qi=Pi+Ri+UAi

) P
Where B; is the biomass of the group [ (t.km3), (E)- is the productivity, which is equal to the total
l

mortality Z (year ) under equilibrium assumption, E'E; is the ecotrophic efficiency (i.e. the fraction

of total production used in the system), (%) _is the consumption rate of the predator J on the
J



group I (year ), D(j; is the fraction by weight of prey [ in the average diet of predator j , ¥; is
the catch (t.km2.year %), E; is the net emigration, BA; is the biomass accumulation, Q; is the

consumption, P; is the production, R; is the respiration and UA; is the unassimilated food caused

P
by excretion and egestion. To balance the model, three of the input parameters(E)_, (%) E B;
l J

or EE;, have to be set for each group. Because of the mass balance assumption (equation 2), all

EE; values must be lower or equal to 1.

Ecosim is the temporal dynamic version of Ecopath, allowing users to analyze past trends
and to project changes in biomass and biomass flow rates by taking into account modifications in
prey-predator relationships and fishing mortality through time (Walters et al., 1997; Pauly et al.,

2000; Christensen & Walters, 2005). The biomass growth rate is expressed as:

dB, v N
— = gi X Qji — Qij +1I; —(MO; +F; +¢;) XB;
dt j=1 j=1

Where (dB_i)/dt represents the growth rate during the time interval dt of group i in
terms of its biomass, g; is the net growth efficiency, M0; the non-predation natural mortality rate,
Qi is the consumption of prey j by group i, (J;; is the consumption of group i by predator j, F; is

the annual fishing mortality rate, and e; is the emigration rate. The le- parameter, which is

determined by predator-prey relationships, is based on the foraging arena theory, in which it is
assumed that spatial and temporal restrictions in predator and prey activity cause partitioning of
each prey population into vulnerable and invulnerable components (Walters and Kitchell, 2011 ;
Ahrens et al., 2012).Then, the transfer rate between these two components for each prey-predator

couple (V;;) determines if control is top-down, bottom-up or of an intermediate type (Christensen

and Walters, 2005).

Functional group composition

A preexisting Ecopath model of the Celtic Sea was developed by Moullec et al. (2017),
built upon a model of the Biscay-Celtic area (Guénette and Gascuel, 2009; Bentorcha et al., 2017),
containing 43 functional groups. With the aim of building a tool for supporting the implementation

of EAF in this area, most commercially exploited species (both demersal such as anglerfish and
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pelagic fish such as horse mackerel, supplementary I) were modelled as monospecific groups.
Among these groups, hake and cod were split into two stanzas (juv and ad). Hernvann et al.
(accepted) recently updated the model by restructuring some groups, leading to a total number of
54 functional groups. Some groups essentially based on taxonomic group or size class were
modified to integrate more trophic considerations and anglerfish was split into two stanza based
on recent trophic studies (Issac et al., 2017). A significant improvement of the model was the
estimation of a new diet matrix using a novel framework (Hernvann et al., accepted, 2018) to
integrate recent isotopic and gut content analyses together with literature knowledge mainly used
previously for the diet matrix of Moullec et al. (2017)

A 2016 Ecopath model was balanced by Hernvann et al. (in prep.) especially using output
of ICES assessment for commercial species, and biomass estimated from EVOHE surveys. Then
the 1985 model was derived from it, changing values of catches (Y), biomass (B), productivity
(P/B) and dietary proportions based on raw changes in functional groups abundance according to

the available abundance data (details of 1985 Ecopath model in Supplementary I)

Fitting Ecosim model

We fitted the Ecosim model to observed time series of abundance, biomass and catch over
the period 1985-2016. Based on the foraging arena theory (Ahrens et al., 2012) we adjusted the
vulnerabilities using the automatic search of 30 predators and 30 prey-predator couples with the
aim to have the lowest sum of squares between the observed biomass and catch values of the

time series and the simulated biomass and catch values from the model.

We used fishing mortality time series from ICES Working Groups (hereafter ICES WG) as
forcing functions in place of a fishing effort index. When it was unavailable, especially in the case
of multispecies groups, time series of catch were used as forcing function. Biomass data from
ICES WG was used for the fitting as relative biomass data, since stocks distribution range was
frequently out of model borders. For all groups for which no stock assessment was available
abundance indices from EVOHE cruises (Mahe and Laffargue, 1987) wereused as relative

biomass time-series. (Supplementary I1).

For multistanza groups, recruitment data from ICES WG were used as driving time series

to improve the quality of the juvenile stanza biomass variation over time.

Finally, for phytoplankton groups, primary production data from remote sensing and

biochemistry surveys were used as driving time series.



Table 1: Functional groups, times series (TS) sources and forcing functions (grey, F) used in fitting Ecosim from the Celtic Sea
Ecopath model of Hernvann et al. (in prep.). EVOHE TS extend from 1997 to 2016, other TS extend from 1985 to 2016.

Number of Group types ECOSIM time series
groups Biomass Catch Fishing mortality Remarks
Full tocks: hak
-uuv)yjsze(?:‘i-z\(,))c asn SIZ?fibs?\S(s"uvi z(g?d * ICES WG Recruitments TS for
15 J o ! .' 8 . J ’ Hake ad + juv: Vigier et al., ICES WG ICES WG Forcing cod, hake and anglerfish
whiting, sole, plaice, megrim, haddock, o
. 2018 from ICES WG Driving
mackerel, horse mackerel, herring
1 Partially assessed groups: pilchard ICES WG ICES WG ICES WG Forcing
1 Ful!y.assessed without use of F TS: blue ICES Statlant Forcing na.
whiting
lant Forci
5 Partially assessed groups whit no F TS: sprat, EVOHE fé:; ?Ar;tG ((IJ\lr;Irr\:vga n.a
Norway lobster Sprat ICES CPUE y o
lobster)
Other exploited groups: pouts, pelagic
sharks, piscivorous elasmobranchs,
benthivorous elasmobranchs, piscivorous
11 dem. fish, epibenthivorous dem. fish, EVOHE Statlant Forcing n.a.
endobenthivorous dem. fish, squids, benthic
cephalopods, commercial bivalves,
commercial crustaceans
3 Other fexplmted groups without B TS: pelagic na. Statlant Forcing n.a.
M, shrimps, carnivores/necrophages
1 Suprabenthivorous demersal fish EVOHE Statlant n.a.
1 Benthos: Surface deposit feeders n.a. Statlant n.a.
. )
2 Zooplankton: mesoS, mesolL Pitois & Fox, 2006 + SAPHOS
CPR
Sea WIFS satellital dat
2 Phytoplankton S & L ea sateliital data

for primary Driving



2.3. Fishing scenarios

We assessed the effects of various fishing strategies on the Celtic Sea ecosystem (Tab.
2). We simulated such fishing strategies over a 100 years period starting in 2017, in order to reach
the biomass equilibrium in the system. The equilibrium is defined as the point where biomasses
variations are null or approach an asymptote, and consequently parameters are stable.

By default, the model keeps the last year (2016) value for the recruitment forcing function
for multistanza groups for all simulation years. However, recruitment of multistanza groups shows
a high interannual variability and consequently we applied the 2012-2016 mean recruitment value

for the 100 simulated years.

The first scenario Sc 0 we simulated was the non-fished system, where F was set equal to
0 for all groups. Such a scenario is likely far from any “real” virgin state of the ecosystem, because
long-term direct or indirect effect of fishing (for instance on the ecosystem structure or on the
habitat) cannot be removed from the model. However, it was chosen as the reference in order to
contrast the short- or medium-term direct effect of our simulated fishing scenarios. We assumed
the trophic structure of the non-fished system is the target of BH, because Zhou et al. (2019) states
that BH aims to “rebuild and maintain” the ecosystem structure and we considered a rebuilding of

ecosystems to lead to an unexploited ecosystem structure.
We then simulated two conventional fishing strategies:
-Sc 1 Status quo: where F = Fyo1s,

-Sc 2 Fusy: In this scenario, we set F according to the Fusy values available in ICES single
species assessments and advices or provided by Froese et al. (2016b) for all the monospecific
groups that are under TAC regulations. All the other species fishing mortalities were set to the

Status quo F values (i.e. F2016 Values).

As has been previously proposed (Garcia et al., 2012) we set balanced harvest according
to the productivity of each functional group:

P
Fppi =c¢ X (‘)
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Where Fgy; is the fishing mortality for the group or species i, € is a positive dimensionless

. o Y P . . . .
constant, (i.e. exploitation rate, (;)) and (—) is the productivity of the group 1 set in the
11985

P
1985 Ecopath model. Because (E) is equal to the total mortality Z at steady state assumption
F
(Allen, 1971), ¢ can be considered as a measure of the exploitation rate (E) (and is equal to the

Y
fishing loss rate, (;), as defined by Gascuel et al. (2005)) . We explored results for the ¢ values
0.1, 0.25 and 0.4, since several groups collapse in less than 5 years when ¢ = 0.5.

Theoretically, the core idea of BH is to distribute fishing mortality from primary producers
to apex predators. But in practice, some technological limitations must be considered, for instance
due to fishing technology currently not allowing to catch every species, or to the market not ready
to ensure the commercialization of every product. In some studies, a weight lower limit of 1 gram
has been suggested (Law et al., 2013). Because our model does not provide weight information,
we took a harvesting size limit of ~5cm (i.e. mesofauna is therefore not harvested). It also has
been argued that some species might be exempted from fishing, because of their protection status
(i.e. mammals and birds) (Zhou et al, 2019). Given the practical and technological limitations of
implementing a balanced harvest fishing strategy, we simulated different levels of implementation
of BH:

First, we started by implementing a restricted BH, where we set fishing mortalities only for

those species currently managed through TAC:

-Sc 3 BH TAC: F = Fgy for the species under TAC regulations (i.e. species considered in

the Fusy scenario).

The underlying question of this scenario is; could we do better than now, just changing the

rules currently used for the TAC regulation?

Then we incrementally added different functional groups based on their feasibility of

harvesting:
-Sc 4 BH Targets: adding first all targeted fish species that are not under TAC regulation;

Such a scenario would imply that the TAC regulation would be expended to all targeted

species (and set in accordance to a balanced harvest fishing strategy).

12



-Sc 5 BH Bycatch & Invert.: adding all the bycatch and untargeted fish species that are
commonly found in the catches and the targeted cephalopods and crustaceans;

Implementing such a scenario probably requires developing some new fishing technics.

We finally simulated a full balanced harvest strategy:

-Sc 6 Full BH: adding all unprotected animal groups (i.e. mammals and birds are
protected) bigger than 5 cm.

In such a case, the entire fishery system and the market probably have to change.

All scenarios from Sc 3 to Sc 6 were simulated with three target exploitation rates (i.e. €): 0.1,

0.25 and 0.4. (Consequently, scenarios are labeled Sc30.1, Sc30.250r Sc 304, for example).

13



Table 2: Functional groups included in the Ecopath model of Celtic Sea, the different fishing
mortality rates (F) applied in scenarios Sc 2 to 6 (on the right) and the corresponding classification
of species.

Classification Group F2016 FMSY 0.1*P/B 0.25*PB 0.4*P/B
Whiting 0.13 0.52 0.10 0.25 0.40
Cod adult 0.62 0.35 0.09 0.22 0.36
Sprat 0.26 0.35 0.20 0.50 0.80
Blue whiting 0.14 0.32 0.14 0.36 0.57
Anglerfish adult 0.45 0.28 0.08 0.19 0.31
Hake adult 1.05 0.28 0.07 0.18 0.29
-?Egii:gsulggzrr] Sole. 0.18 0.27 0.04 0.10 0.16 <2 | se3
Herring 0.21 0.26 0.05 0.13 0.20
Haddock 0.26 0.22 0.08 0.19 0.30
Mackerel 0.09 0.21 0.03 0.06 0.10
Sea bass 0.18 0.20 0.03 0.07 0.11
Megrim 0.12 0.19 0.04 0.10 0.17 Sca
Plaice 0.18 0.17 0.06 0.14 0.22
Horse mackerel 0.20 0.11 0.02 0.04 0.07
Anglerfish juvenile 0.34 0.08 0.20 0.32
Hake juvenile 0.46 0.05 0.13 0.21
Cod juvenile 0.34 0.06 0.15 0.24 Sc5
Endobenthiv dem. fish 0.19 0.11 0.27 0.44
Target fish
species Pilchard 0.22 0.06 0.15 0.25
Benthivorous dem. Elasm 0.33 0.05 0.13 0.21
Carnivorous dem. Elasm 0.29 0.05 0.12 0.19 5c6
Pelagic - Large 0.02 0.03 0.07 0.11
Piscivorous dem fish 0.36 0.06 0.16 0.26
Pelagic sharks 0.02 0.02 0.05 0.08
Pouts 0.02 0.16 0.41 0.65
Epibenthivorous demersal fish 0.05 0.09 0.22 0.34
Suprabenthivorous dem fish 0.00 0.19 0.47 0.75
Small benthivorous deml fish 0.00 0.19 0.48 0.77
Bycatch & target
invertebrates  Boarfish 0.00 0.02 0.04 0.06
Pelagic - Medium 0.00 0.09 0.22 0.35
Squids 0.12 0.51 1.28 2.04
Benthic cephalopods 0.10 0.51 1.28 2.04
Commercial crustaceans 0.31 0.12 0.30 0.48
Nephrops 0.11 0.04 0.09 0.14
Commercial bivalves 0.01 0.28 0.70 1.12
Shrimps 0.00 0.30 0.75 1.20
Carnivores/Necrophages 0.00 0.19 0.47 0.75
Exploitable
species Suspen/Surf detri Feeders 0.00 0.28 0.70 1.12
Subsurfdeposit feeders 0.00 0.16 0.40 0.64
Suprabenthos 0.00 2.00 5.00 8.00
Macrozooplankton 0.00 0.80 2.00 3.20
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2.4. Comparison of scenarios

We used the last year of the Ecosim simulation to compare the scenarios.

To visualize and compare the biomass and catch trophic spectrum in a concise way at the
ecosystem scale among fishing scenarios, we computed 0.1 TL trophic spectra using the Ecotroph
R package (Guitton et al., 2013). This representation, takes into account the intra-group variability
of the diet, by splitting the biomass or catch of every Ecopath group in small trophic classes of 0.1
TL, and spreading it with a lognormal distribution over a range of trophic levels. Then, biomass
and catch are summed per trophic class. Therefore, trophic spectra are a graphical representation
of the distribution of the whole ecosystem biomass or catch over TLs.

The effects on the ecosystem and fisheries production were analyzed using the following

indicators:

the total biomass (Biot),

the total catch (Yiw) and the catch of species with TL above 3.5 (Yprea)

e the mean trophic level (MTL) of the biomass that reflects the qualitative impact of fishing

on the entire network (Pauly et al.,1998),

e the mean trophic level of the catch (MTLc) that reflects the quality of catch composition

o the high trophic level indicator (HTI) is a measure of the biomass proportion of high
trophic level (TL = 3.5) species (Bourdaud et al., 2016),

e the Dispersion (D) indicates how much the biomass B trophic spectrum of a scenario [

diverges from the reference (i.e. unfished) scenario Sc 0 (D = 0 if the spectra the same)

2
D :Z< B‘L’,i _ B‘L’SCO )
ZBT,i ZBTSCO

and is expressed as:
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3. Results

3.1. Ecopath flow diagram and Ecosim fitting

A table with the main parameters (B, P/B, Q/B and EE) and a table of the diet matrix of the 1985
Ecopath model is available in the Supplementary I.1. Our scenarios Sc 2 to 5 are mainly focused on
species at trophic levels 3.2 to 5, from pelagic predators (e.g. pelagic sharks) to benthic invertebrates

(e.g. Norway lobster), while Sc 6 harvest all trophic levels (Fig. 5).

Using the automated search of Ecosim, the vulnerabilities were estimated for 30 predators and

then for an additional 30 predator/prey couples. Compared to default values (2 for all vulnerabilities),

this allowed us to reduce the sum of squares of the fit to the time series from 65,779 to 336. The Akaike

Information Criterion reached was -4302, with 2280 AIC data points (Supplementary 1.2).

The model was able to reproduce the past trend observed for most species, especially horse

mackerel, and sole (contribution to SS < 0.5).
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Fig. 5: Flow diagram of the Ecopath model of the Celtic Sea. Rectangles highlight the groups that are included in the Fmsy (Sc 2), in the

restricted BH (Sc 3) and the incremental BH (Sc 4 to 6) scenarios
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3.2. Locked in time: Maintaining the current fishing strategy.

Under the current (2016) management and thus in the Status quo scenario, the fishery
targets a variety of groups with TLs ranging from 3 to 4.5 (Fig. 6), which impacts the biomass of
these TLs stronger than in the unfished system (Fig. 7). The biomass spectrum only diverges from
the non-fished system at trophic levels higher than 3. F values are particularly high on large
demersal species such hake (1.02 y?1), cod (0.62 y') and anglerfish (0.45 y1), compared with
pelagic fish. The status quo catch is composed to 30% of biomass from TLs between 3.4 and 3.6
TL. Horse mackerel, herring and hake accounted for 25.8%, 18% and 5.8% (respectively) of the

total catch between 2010 and 2016 (the first three dominant species in the total catch).

The simulation shows that the 2016 state does not correspond to equilibrium. Under the
Status quo, the overall biomass of species between TL 3.5 and 4.3 is expected to decrease and
cod, hake and horse mackerel go extinct (Fig. 8). In response to the extinction of large demersal
competitors, anglerfish biomass increases by 25%, sea bass increases by 62% while mackerel
biomass increases by 480%. The total catch decreases by 18% and the catch composition of the
main caught species shifts, with mackerel, herring and anglerfish accounting for 21%, 15% and
10% of the total catch.
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the Status quo (Sc 1 in red) scenarios compared with the current state in 2016 (in black)
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Group and TL

3.3. The MSY management scenario

The fishing mortality in the Fusy scenariois lower than in the status quO (Fstatus quo) for 6 of
the 14 groups for which Fusy values are available (i.e. anglerfish, hake, cod, haddock, plaice and
horse mackerel). In the Fusy scenario no group goes extinct (Fig. 9), despite the higher fishing
mortalities of trophic levels 3 to 4.3 (mainly pelagic fish) compared to the Status quo (Fig. 10).
Mackerel biomass is, however, strongly depleted (3% of the Sc 0 biomass) and 6 groups have
their biomass under 50% of the Sc 0 biomass. Compared to the Sc 1, the simulation predicts a
positive impact on the biomass of predators (TL > 3.5) and a 32% increase in the total ecosystem
biomass. Contrastingly, the biomass of preys is negatively impacted (-7% for TL 2.5 to 3.4) due to
top-down control from predators and a higher fishing mortality. The Fusy strategy provides about
the same amount of catch as in 2016 (1.54 t.km), which is 18% more than in the Status quo

scenario, and maintains high catches of horse mackerel and herring.
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compared with the No fishing scenario (Sc 0), and the catch compared with the Fusy scenario.

3.4. Comparison between the Fuysy scenario and the restricted BH strategies

The Sc 3 (BH TAC scenario) aims to balance F with P/B for the main commercial and
assessed species. Similar to the Fusy scenario, all exploitation rates for this scenario (0.1, 0.25
and 0.4) lead to a decrease in the fishing mortality of predatory trophic levels (>3.5) (Fig. 11). The

fishing mortality spectrum in the Sc 3 0.4 scenario is lower, but close to the Fusy scenario.

The lower F values of the Sc 3 0.4 generate less overall catch than the Fusy scenario (1.52
t.km?) at Sc 3 0.1 (0.83 t.km?) and Sc 3 0.25 (1.32 t t.km2). The Sc 3 0.4 scenario predicts more

catch than the Fusy scenario (1.64 t.km), coming from groups at trophic levels smaller than 3.7

Compared to the Fmsy scenario, the 0.1 and 0.25 BH TAC scenarios induce a much smaller
impact on the biomass of TLs above 3. In contrast, the 0.4 BH TAC scenario has a stronger
negative impact on species at trophic levels above 3.7 than FMSY. Like in the FMSY scenario,
the catches of the BH TAC scenario are dominated by horse mackerel (see supplementary).
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the catch ratio compared with the Fusy scenario of the BH TAC scenario (Sc 3) at 0.1 (dotted blue lines), 0.25
(dot-dashed blue lines) and 0.4 (solid blue line) exploitation rate and the Fmsy (Sc 2, solid gold lines).

3.5. Incremental BH strategies

Balanced harvest on target fish species without TAC regulation

Applying a fishing mortality proportional to the productivity not only species under TAC
regulation but also all other targeted groups (Sc 4) provides less catch than the Sc 3 scenario. In
the Sc 4, Fgn values are lower than Fsiaws quo fOr most of the “target” groups except for pelagics.
With an exploitation rate of 0.25 and 0.4, this Sc 4 BH “targets” scenario has a stronger negative
impact than the Fusy scenario on the biomass of predators (TLs>3.5) (Fig. 12 & 13) because of

the increase of F on large pelagic fish (TL = 4.2).

Despite similar F spectra in the Fmsy scenario, and the BH Sc 3 and Sc 4 scenario at

exploitation rates of 0.4, the latter two have a lower impact on the biomass of intermediate trophic
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levels (TL 3-3.5). This is due to the shift in the fishing intensity from low productive species
(demersal elasmobranchs, hake, cod) to high productive ones (medium pelagics, such as
anchovy) in the BH strategies.

Balanced Harvest on bycatch fish species, targeted cephalopods and crustaceans

The scenario Sc 5 allows 1.5 times and 2.4 times more catches than the Fusy scenario (Sc 2)
at 0.25 and 0.4 exploitation rates resulting from a high F on highly productive species (crustaceans
and cephalopods). However, the exploitation rate of 0.4 leads to a low biomass of demersal
species because of the loss in their prey, which are fished in this scenario, and the explosion of
their main trophic competitors (i.e. pelagic groups and small demersal fish) (Fig. 12 & 13). The
lower biomass of predators and the higher biomass of zooplankton have positive impacts on
pelagic fish of intermediate trophic levels (3.3 — 3.6): they reach a higher biomass than in the
unfished scenario Sc 0 (Fig. 12 & 13).

Full Balanced Harvest

At an exploitation rate of 0.1, the Full BH scenario impacts the biomass of TLs 3 to 5 less than
in the Fusy scenario (Fig. 12 & 13). All function groups in this scenario recover to at least 60 % of
their unfished biomass (Sc 0) (Supplementary 11.4). The exploitation of very productive groups
(e.g. macrozooplankton, bivalves) leads to high total catches (13.7 t.km?). At 0.25 and 0.4
exploitation rates, this scenario produces even more catch, stemming from the exploitation of
macrozooplankton (3.3 t.km?) and benthos (15.3 t.km3).

As in the Sc 5, Sc 6 as a lower impact on trophic levels 3 to 3.7 (pelagic fish) compared with
the Fusy scenario but it has the strongest negative impact on high trophic level biomass among all
the simulated scenarios. No groups go extinct in this scenario, but the cumulative effects of
harvesting low trophic levels and high F on commercial species deeply impacts the biomass of

demersal species which have less energy available and are still harvested.
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Fig. 12: Trophic spectra of Sc 4 to 6 (Full BH) compared with the Fmsy scenario at 0.1, 0.25 and 0.4 exploitation rate.
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3.6. Ecological indicators

The ecological and catch indicators of the simulated scenarios show a clear difference
between the conventional fisheries management scenario (Sc 1 and Sc 2) and the BH scenarios
(Sc 3 to 6) (Fig. 14). Moving towards full BH would increase the total biomass of the Celtic Sea
ecosystem, with a maximum of 98 t.km for Sc 5 (BH bycatch and Invert.) with an exploitation rate
of 0.4. Compared to the Fusy scenario, broadening the range of harvested species increases the
MTL of the system because of a strong increase in pelagic fish (Fig. 14 and Supplementary 2). At
0.25 and 0.4 exploitation rates scenarios Sc 5 and Sc 6 provide high catches (at 0.4, ~30 times
more than in the Fusy scenario). But this catch has a very low mean trophic level MTLc (2.4)
compared with other scenarios (next minimum is MTLc = 3.4), indicating that BH leads to catch
manly composed of low trophic level species/biomass and thus low value species (benthic
organisms and small fish). The 0.1 and 0.25 BH TAC scenarios show a strong decrease in the
impact on the biomass of TL above 3 leading to the recovery of those trophic levels to values close
the to the non-fished state and therewith to a more balanced biomass distribution (D = 1.5x10°

and 8x10° respectively).

Generally, all BH scenarios (Sc 3 to 6) at an exploitation rate of 0.4 are the least efficient in
protecting high trophic level biomass (i.e. low HTI). In the BH scenarios, increasing the exploitation
rate negatively affects both HTI and dispersion. Going towards full BH does not give a more
balanced biomass structure, and leads to higher dispersion than the Status quo and Fusy
scenarios. This high dispersion is linked to the relative biomass of TL from 2.5 to 3.5 that is
diverging from the No fishing state. The BH bycatch & Invert. and the Full BH scenarios are
performing better or equally well compared with the Fusy scenario only at an exploitation rate of
0.1, which results in 45 % less catch of predators (>3.5 TLs).
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Fig. 14: Ecological indicator values of the Status quo, Fmsy and BH scenarios.

The relative performance of each indicator is presented with a qualitative gradient from “bad” values (red)
to “good” values (green).

4. Discussion

4 .1. Limits of the methods

All models are by definition a simplification of a complex reality. As any other ecosystem
models, EWE is based on a set of assumptions that constrains its uses. For instance it assumes
the diet is changing over time proportionally to prey abundance, while some parameters remain
constant (like the Q/B ratio). This means some simulations outputs may be model-dependent and
should ideally be compared with the ones from other models. In addition, our outputs may also
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depend of the parameters we used, and which are often rather uncertain, while we were not able
to develop sensitivity analyses, due to time constraints. Therefore, quantitative results of scenarios
simulation have to be considered with care. However, our main findings are based on comparisons

using rather qualitative than quantitative results.

On the other hand, EWE models are built in different ways to answer to various ecological or
management questions (Plaganyi and Butteworth, 2004). The EwWE model of the Celtic Sea
ecosystem we used was built to assess effects of past fishing on primarly fish communities and
ecosystem-based fisheries management scenarios. BH is one of the EAF possible scenarios that
we tested in this study, but the construction of the EwE model limits the accuracy of our
assessment. Indeed, among the 49 animal functional groups included in the model, 19 only are
monospecies groups . The other groups are aggregation of different species that often vary highly
in their abundance, production or productivity, while we were able to only simulate a mean global
fishing pressure for the groups. This is not an issue when conventional fisheries management is
tested but BH is designed to exert fishing mortality on the widest number of exploitable species in
proportion to their natural productivity. Applying a fishing mortality proportional the productivity
(P/B) of very productive multispecies groups is probably underestimating the effects of fishing than
if species were modeled separately.

Froese et al. (2016b) also criticized ecosystem model approach to assess BH effects on
ecosystems, because these models do not support BH. This come from the low trophic level
groups that “carry” the top of the ecosystem leading to. | experimented this limit during my
preliminary work: | introduced mesozooplankton groups in my Full BH scenarios. Even with low
exploitation rate (0.1), harvesting these groups led to the mass extinction of all upper trophic level
groups. Very low trophic level groups (e.g. zooplankton and benthic suspensivores) are often
poorly represented in Ecopath model, and expected to remain unexploited when the model is used
to simulate fishing scenarios. In other words, the model have been tested for realistic fishing
strategies and appeared to provide reliable outputs in that case. Our work based on new and more
contrasted scenarios highlights inconsistencies, suggesting the model has to be corrected,

especially regarding some of the low TLs parameters

We used P/B as the key parameter to implement a fishing mortality for all the groups, in the
same way some previous studies did (e.g. Garcia et al., 2011, 2012). Thus using the P/B value of
the starting year (1985) to define fishing mortality and maintaining this fishing mortality constant
over the whole simulation. This has to be considered an approximation, because P/B is changing

over time as the ecosystem change (especially according to the predation mortalities in Ecopath),
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and thus fishing mortality should do the same. .From a practical point of view, if BH becomes the
management target changes in P/B would have to be assessed regularly and fishing mortality
adjusted accordingly.

Zhou et al. (2019) suggested that BH could be also implemented by scaling the fishing
mortality proportionally not to the productivity (what we did here) but to production (P). Heath et
al. (2017) claimed that BH would be balanced only with F set according to P. This is also supported
by the findings of Plank (2018), who used a multispecies predation model to test BH. However,
we did not used this approach, because in an EwWE framework, the value of P is strongly model-
dependent, as building large trophic boxes leads to large P, while splitting a bow implies dividing
the production. In addition, fishing mortality of each group should be recalculated every year
according to production changes what would requires very complicated simulation based on the

current Ecosim toolbox.

4.2.Status quo: still a lot to do for sustainable fisheries

The Celtic Sea has long been an area supporting important demersal fisheries, large and small
pelagic fisheries and a variety of cephalopod and crustacean fisheries (Martinez et al., 2013).
Pinnegar et al. (2003) demonstrated that commercial fisheries expansion in the past 50 years
deeply affected the structure of fish communities and fisheries landings. The mean trophic level
of both the catch and the animal community dropped as a result of the decline in the abundance
of large piscivorous species; and the fisheries shifted from high trophic levels, and high priced
species (e.g. hake, cod), to lower trophic levels, and lower priced species (e.g. blue whiting,
mackerel) (ibidem). Moullec et al. (2017) further showed that the exploitation status of the Celtic
Sea ecosystem did not improve significantly between 1980 and 2013, in spite of the reduction of
the fishing pressure for some stocks (e.g. plaice, whiting, sole). Our study confirms what was
previously found: the current fishing mortality pattern is not sustainable. In our status quo
simulation hake, cod and horse mackerel go extinct. For these three stocks ratios between the
fishing mortality of the status quo scenario and the FMSY scenario is high (reaching 3.75 for hake,
a value that should probably be revisited in the model itself) suggesting that the current exploitation
is far from fulfilling the objective of the Common Fisheries Policy to fish all stocks at FMSY by
2020 (Salomon and Holm-Mduller, 2013). The current fisheries management is thus far from the
target MSY approach and will lead to low catches and a low-quality ecosystem if sustainable

fisheries policies are not applied and fishing mortalities were to remain constant.
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4.3.The issue with targeting Fusy

The MSY concept exist since the 1930’ and has been criticized since the late 1970’s. It was
described as the way of making “possible the maximum production of food from the sea on a
sustained basis year after year” (Chapman, 1949). According to some authors, the MSY is a
political choice using science to defend economic or geopolitical interests (Finley & Oreskes,
2013) and should be considered as a biological limit and not as a development target(Zhang et al,
2015).

The Fusy values we implemented were estimated by ICES from single species assessments,
which do not consider any ecological interactions between species and with the environment. The
MSY concept is born from the old assumption that each fish stock can be managed in isolatation.
In contrast, several studies demonstrated that the single-species MSY approach can lead to
overexploitation of stocks due to depensatory effects from predator prey interactions (Brander and
Mohn, 1991; Pauly et al, 2002; Walters et al., 2005). In our Ecosim model, considering the current
range of harvested species, the Fusy scenario fulfills its catch maximization objectives and
maintains the stock biomass at higher levels compared with the Status quo scenario. It also shows
that reducing the fishing mortality of high value predator species (e.g. sea bass, hake, cod,
anglerfish) could provide more catch of these species in the long-term (0.124 tkm?2 vs
0.104 t.km in Status quo) while improving slightly the relative abundance of high TLs species
(HTI +0.05). However, the MSY approach does not rebuild the biomass structure of the ecosystem
which remains unbalanced and several groups can’t recover (horse mackerel: 39 % of unfished
system biomass, whiting: 25 %, sea bass: 13%, mackerel: 0.06%). In addition, applying the MSY
approach only to species that are currently under TAC regulation (the only one where Fusy has
been currently estimated) results in several groups can’t recover (horse mackerel: 39 % of

unfished system biomass, whiting: 25 %, sea bass: 13%, mackerel: 0.06%).

More generally, the MSY approach is leading to a strong impact on each exploited stock (i.e.
an exploited biomass divided by 2.5 or 3), with long term or ecosystems effects that are poorly
known, and thus no guaranty it will be compatible with the conservation of the functional and

genetic diversity of ecosystems (Gascuel, 2019).
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4.4.Balancing the harvest of main caught species, the solution?

In the Sc 3 “BH TAC scenario” we balanced fishing mortality proportionally to the productivity
of all species under TAC regulation. This scenario is the simplest and ad minima implementation
of a balanced harvest approach, just needing information on the productivity (P/B) of those
stocks/populations that are already fully assessed by ICES. At an exploitation rate of 0.1, this
scenario is the most sustainable overall, leading to good indicators and low impact on predators.
But it would decrease the total catch by 45 %, which would have important negative impacts on
the fisheries economy in the area. For example, hake catch would decrease about 68 %,
representing a loss of 92 € km, and 22 million € at the Celtic Sea scale (if the price remains at
3.69 € kg?, European market observatory for fisheries and aquaculture products (EUMOFA),
2017). By contrast, at an exploitation rate of 0.25, the Sc 3 scenario leads to limited loss of catches
(-13 %).The Fgn values are generally still lower than the Fusy (-35% on average) but Fgy 13 %
higher for blue whiting and 43 % for sprat than their respective Fusy.

At a 0.4 exploitation rate, it could be possible to keep an acceptable level oflarge total catch,
which would be more than the FMSY scenario (+0.11 t.km-2). In addition, harvesting 40% of the
productivity of the currently targeted species would have less impact on the total biomass structure
than the FMSY scenario. However, the fishing mortality in this scenario will be higher than FMSY
for hake, anglerfish, cod, haddock, plaice, sprat and blue whiting, which is against all management
measures that are applied in Europe since the 90’s. FurthermoreMore generally, this scenario
leads to strong impacts on high TL species (low HTI), which is likewise not considered as
acceptable. The FMSY values are probably overestimated because of the ecological assumptions
behind it, and should represent a maximum harvest barrier. On the other hand, harvesting 40% of
the productivity of the currently targeted species would have less impact on the total biomass
structure than the FMSY scenario. BH on species under TAC regulations at a 0.4 exploitation rate,
has and exhibit the lowest worse ecological indicator values.. In other worlds, BH TAC would be
thuscould be considered as ecologically sustainable and acceptable only with moderate
exploitation rates. However, it would imply a reduction of catch compared to the Status quo and
FMSY scenarios and therewith would not fulfill one of the central promises of BH: the provision of
significantly higher sustainable catches (Garcia et al., 2012). For this balanced harvest needs to

be implemented on a wider range of species.
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4.5. Toward full balanced harvest: successes and failures

None of our balanced harvest implementations could fulfill the promises made by most of the
BH advocates: maintaining and rebuilding the ecosystem structure, while catching more fish (Zhou
et al., 2010 ; Garcia et al., 2012). We explored BH on different ranges of species, from the most
feasible (BH target scenario) to the more technically difficult (Full BH). None of them resulted in
biomass structures similar to the unfished system (Sc 0). Within all scenarios, the BH target
scenario (Sc 3) using an exploitation rate of 0.1 is also the one with the lowest fishing mortality on
all trophic levels and it led to the lowest dispersion and the highest HTI. Adding other groups to
the harvested range, or increasing the exploitation rate, always led to higher catch and higher
dispersion (thus less balance impacts).

Quite surprisingly, moving towards a full BH implementation (Sc 5, BH bycatch invert. &; Sc 6
,Full BH) with high exploitation rates increased the total biomass and the MTL. The total biomass
increases were due to the depletion of predators that caused the positive impacts on low trophic

level groups (around 2.6 and 3.5), such as small pelagic fish (blue whiting, sprat and boarfish).

When adding benthic invertebrates to the exploited species (Sc.6), the total biomass still
increase a bit, due to the increase of some low or intermediate TL groups (mesozooplankton at
TL 2.6 and sprat, blue whiting, boarfish and herring at TL 3.3). This result illustrate a strong limit
of BH in practice. Because exploiting all the numerous species that have a low or intermediate
TLS in not feasible technologically speaking (and even less adjusting F to the species
productivity), expending the range of exploitation will necessarily lead to unbalanced effects, little

or no exploited species benefiting from a competition pressure decrease.

Another outcome from these simulations is the strong negative impact on high trophic levels
(> 3.8-4). The most intense (0.25 and 0.4) scenarios show a very low HTI, owing to the depletion
of the biomass of apex predators. At an exploitation rate of 0.4, the fishing mortality of trophic
levels 3.5 to 5 is higher than in the Fusy scenario. In contrast, at an exploitation rate of 0.25, the F
on high TLs is lower than in the Fusy scenario, but nevertheless causes a stronger depletion of
high TL biomass. We suggest this result to be the combined effect of fishing on predators and the
cumulative impact of harvesting their preys. Following the basics of thermodynamics, losses of
biomass and energy from fishing at the bottom of the trophic pyramid results in less available

biomass and energy for the top of the pyramid. In line with this Smith et al., (2011) showed that
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fishing low trophic levels at MSY would have deep impacts on higher trophic levels. Our results
confirm these effects and the concern put forward by Froese et al. (2016) that BH might increase
the systems biomass and yield, but that this could mask cumulative negative changes in the food-

web structure.

Our simulations of an acceptable Full balanced harvest implementation contradict what has
been claimed in the literature: It does not lead to a balanced biomass distribution, except when
fishing intensity is low and therewith fisheries production (0.1 exploitation rate). In the Full BH
implementation with exploitation rates of 0.25 and 0.4 provide large catches but also show strong
impacts on the biomass of predators. The exploitation rate is well balanced across trophic levels
in our scenarios but the biomass is still not balanced. Bundy et al., (2005) also found in the case
of the Eastern Scotian shelf and the Gulf of Thailand Ecopath models that balanced exploitation
(i.e. BH) led to less dispersion but to lower diversity when exploitation rate was above 0.28. The
decrease of MTL induced by a Full BH implementation with exploitation rates of 0.25 or 0.4 4 is
stemming from large increases in low and intermediate trophic level species, particularly of pelagic
fish biomass. The changes in the relative abundance of pelagic fish and demersal fish could make

the ecosystem more sensitive to environmental variations and less resilient (Fréon et al., 2005).

The first lesson to take away is that none of our BH scenarios led to biomass structures similar
to the unfished ecosystem, as was proposed in the literature (Zhou et al., 2019). The only way to
approach the balance of the biomass structure is to fish at very low intensities and therewith

reduce drastically the catch on the system.

A full balanced harvest implementation with low exploitation rates (0.1) appears to be the upper
limit for such strategy for the Celtic Sea case study. But it implies a lot of disadvantages. First, we
have to accept that if we want to fish more and rebuild stocks, fisheries have to shift from the
current target species, which are mainly demersal with low productivity (e.g hake, anglerfish) to
more productive species (e.g. small demersal fish, zooplankton). Furthermore, such shift would
have strong impacts on high trophic levels (>4) due to cumulative effects of energy loss. Finally it
may induce some unbalanced effects on low or intermediate TLs, where itis practically not feasible

to adjust the fishing mortalities to each species productivity.

Moving towards a full balanced harvest implementation would require a radical restructuring
of fisheries, market and even customers behavior. BH implies to harvest and sell tons of not yet
commercial species, like zooplankton, small demersal fish and benthic organisms. Zooplankton

harvesting already exists but is restricted to Krill in Antarctica and the North Pacific, Calanus
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finmarchicus in Norway and some jellyfishes in China (Hsieh et al., 2001; Everson, 2008; Skern-
Mauritzen et al., 2018); in other words, it is not widespread. Some industries (Calanus®, for
example) are currently developing new methods for the selective harvest of zooplankton and the
valorization of these products. However, planktonic, or benthic communities are very diverse and
are composed of thousands of different species, each with their own productivity and seasonality.
Selecting each species according to its productivity or even production renders a full BH
implementation super selective, and is simply not yet technically feasible.

For a BH management, good information on productivity and ideally biomass would be
required for all species and stocks harvested., Estimating accurate proxies of the parameters of
currently targeted groups is technically possible , while a restricted BH strategy could help fisheries
to adapt to the current discards ban policy (Borges et al., 2016). However, BH remains

guestionable.

4.6. Future work and suggestions for improvement

The work done within this master thesis project, will be continued to improve our Ecopath
model and model simulations. Exploration of BH scenarios with the EWE model of the Celtic Sea
allowed to find some values in the diet matrix, the current F and P/B (e.g. for hake and Pelagic
fish) that were not realistic. A new revised version of the model is currently under construction,

and we will also improve the fitting in the Ecosim model.

In order to better answer the questions raised in this work, the Celtic Sea model should have
a better representation of the highly aggregated functional groups such as Piscivorous demersal
fish or Pelagic Large and where possible monospecies groups should be split into different stanza
groups. Furthermore, we need more information on the biomass of low trophic levels (e.g. Benthic
fauna, commercial bivalves) rather than letting the model estimate their biomass based on

consumption from higher trophic levels.

It would require a more complete vulnerabilities search, because in our model vulnerabilities
were high between large zooplankton and small zooplankton what caused the high variation in
their biomass when large zooplankton was harvested. Coupling an EwWE model with a pelagic
community biomass flows model such NPZD models could be interesting. NPZD models can be
well adapted to assess effects on biomass flows of zooplankton harvesting. Finally, the fleets have

to be redefined, to allow more realistic simulations of per fleet-based management scenarios.
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Research on BH is very new (Heath et al., 2017) and a lot is still to explore. We worked with
EwE model to assess effects of BH on each groups and not only on the whole ecosystem, which
is quite new. But other approaches were conducted, particularly with size-bazed models, that are
considered by some authors as more adapted to study BH effects (Law et al., 2012).
Controversially, Froese et al. (2016b) said that size—based models are highly unrealistic because
of their simplifications and their inappropriate assumptions (e.g. high mortality introduces for
largest fish, fixed plankton community).

All models have strengths weaknesses. To find a tradeoff about the possible benefits of BH,

researcher should combine and carry on studying BH with different and various models.

5. Conclusion

BH remains questionable. The core question of BH is which direction fisheries management
wants to take: Maintaining the current structure of the ecosystem? Recovering the structure of the
non-fished system? Our study shows that implementing a BH fishing strategy is a matter of
tradeoffs. Rebuilding an ecosystem structure would require reducing drastically the fishing
mortality on higher trophic level species. Maximizing the catch while still fishing high priced
species, on the other hand, would lead to dangerous cumulative impacts on high trophic levels,
which are comprised of keystone species for ecosystem stability. Finally, maximizing total catch
while rebuilding the trophic structure of the ecosystem would require to stop fishing predators and

to target more productive species at low trophic levels.

There’s a belief behind the concept of BH: we can harvest an ecosystem without disturbing its
structure and functioning. However, we have shown that by balancing fishing mortality with
productivity we still disturb the ecosystem. We should accept that we are isolated from our aquatic
ecosystems. Humans are the top predators of marine ecosystem and No species or size class is
out of reach for us, and no there’s no “Leviathan” predator that regulates fishing boats. At the
moment we remove one fish off the system, we have an impact on marine ecosystem. Each
fisheries management strategy will create winners and losers. Consequently, each though a
fishing strategy without consequences might not exist, governments and fisheries managers can,

and probably should take measures to end overexploitation of marine resources.
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Supplementary |

1. Ecopath outputs

Parameters of the Ecopath models (values in bold were estimated by Ecopath). TL: Trophic level

(dimensionless); B: biomass (t/km?); P/B: production/biomass (/year); Q/B: consumption/biomass (/year);

EE: ecotrophic efficiency (dimensionless); P/Q: production/consumption (dimensionless); Y: landings
(t’/kmz/year); Access.: accessibility to fishing (dimensionless).

Tab.1 Parameters of the 1985 Ecopath model of the Celtic Sea ecosystem

Group name ] B P/B a/s EE PQ Y1985

1 Seabirds - Divers 4.41 0.00 0.15 135.26 0.00 0.00 0.00

2 Seabirds - Surface feeders 3.94 0.00 0.25 114.47 0.00 0.00 0.00

3 Baleen whales 3.74 0.07 0.04 4.77 0.00 0.01 0.00

4 Toothed cetaceans / Seals 4.74 0.03 0.14 12.00 0.00 0.01 0.00

5 Pelagic sharks 4.73 0.07 0.20 1.96 0.60 0.10 0.10

6 Carnivorous dem. elasmobranchs 4.39 0.10 0.47 3.13 0.65 0.15 0.15

7 Benthivorous dem. elasmobranchs 3.96 0.15 0.52 3.48 0.65 0.15 0.15

8 Sea bass 4.19 0.05 0.28 1.52 0.56 0.18 0.01

9 Anglerfish adult 4.58 0.16 0.77 2.38 0.82 0.32 0.08
10 Anglerfish juvenile 4.42 0.02 0.80 6.27 0.38 0.13 0.01
11 Hake adult 4.17 0.15 0.71 2.52 0.89 0.28 0.05
12 Hake juvenile 3.87 0.03 0.52 5.28 0.93 0.10 0.00
13 Cod adult 4.12 0.05 0.89 2.58 0.82 0.34 0.03
14 Cod juvenile 3.97 0.03 0.59 4.38 0.92 0.14 0.00
15 Whiting 4.14 0.17 1.00 5.02 0.75 0.20 0.04
16 Haddock 3.44 0.20 0.76 3.33 0.46 0.23 0.02
17 Pouts 3.51 0.53 1.63 6.50 0.95 0.25 0.25
18 Megrim 4.07 0.30 0.41 2.07 0.66 0.20 0.20
19 Sole 3.32 0.05 0.41 2.27 0.98 0.18 0.18
20 Plaice 3.34 0.04 0.55 3.42 0.97 0.16 0.02
21 Piscivorous demersal fish 4.47 0.21 0.64 3.21 0.85 0.20 0.20
22 Epibenthivorous demersal fish 3.66 0.31 0.86 4.30 0.95 0.20 0.20
23 Endobenthivorous demersal fish 3.32 0.10 1.09 5.44 0.95 0.20 0.20
24 Suprabenthivorous demersal fish 3.46 0.27 1.88 7.52 0.95 0.25 0.25
25 Small benthivorous demersal fish 3.45 0.53 1.93 7.71 0.95 0.25 0.25
26 Mackerel 3.50 0.95 0.25 1.00 0.80 0.25 0.25
27 Horse mackerel 3.58 6.65 0.18 0.71 0.84 0.25 0.25
28 Boarfish 3.36 0.12 0.16 6.62 0.58 0.02 0.00
29 Sprat 3.42 0.11 2.00 8.00 0.74 0.25 0.25
30 Blue whiting 3.37 0.36 1.43 5.70 0.81 0.25 0.25
31 Pilchard 3.40 0.31 0.62 2.48 0.59 0.25 0.25
32 Herring 3.40 0.81 0.51 4.59 0.98 0.11 0.08
33 Pelagic - Large 4.20 0.05 0.28 2.82 0.80 0.10 0.10
34 Pelagic - Medium 3.35 0.86 0.88 5.93 0.95 0.15 0.15
35 Squids 4.22 0.04 5.10 17.00 0.95 0.30 0.30
36 Benthic cephalopods 3.88 0.12 5.10 17.00 0.95 0.30 0.30
37 Commercial crustaceans 3.51 0.22 1.20 8.00 0.80 0.15 0.15
38 Nephrops 3.27 0.22 0.36 2.39 0.89 0.15 0.15
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39 Commercial bivalves
40 Shrimps
41 Carnivores/Necrophages

42 Feeders

43 Subsurface deposit feeders

44 Suprabenthos
45 Benthic meiofauna
46 Macrozooplankton

47 Mesozooplankton - Large
48 Mesozooplankton - Small

49 Microzooplankton

50 Bacteria

51 Phytoplankton - Large
52 Phytoplankton - Small
53 Discards

54 Detritus

Suspension/Surface detritus

2.03
3.10
2.78

2.05

2.48
2.36
2.09
2.82
2.32
2.23
2.15
2.00
1.00
1.00
1.00
1.00

5.43
0.84
7.23

14.38

18.62
0.80
5.64
2.14
5.50

13.14
5.00
0.82

13.00

11.64
1.00

325.70

2.80
3.00
1.89

2.80
1.60
20.00
10.00
8.00
10.50
16.45
60.00
500.00
100.00
100.00

18.67
20.00
12.57

14.00

8.00
100.00
50.00
28.00
38.00
80.00

316.00
1428.57

0.80
0.95
0.70

0.80
0.70
0.90
0.90
0.25
0.43
0.15
0.99
0.69
0.96
0.46

0.00

0.15
0.15
0.15

0.20

0.20
0.20
0.20
0.29
0.28
0.21
0.19
0.35

0.15
0.15
0.15

0.20
0.20
0.20
0.20
0.00
0.00
0.00
0.00
0.35
0.00
0.00
0.00
0.00

2. Ecosim fitting
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3. BH bycatch and Invert. Biomass ratio
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4. Full BH Biomass ratio
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