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In Europe, implementation of sustainable fisheries management has been reinforced in
the latest common fisheries policy, and presently marine fish stocks are mostly managed
through assessment of their exploitation and ecological status compared to reference
points such as Maximum Sustainable Yield (MSY). However, MSY and its associated
fishing mortality rate FMSY are sensitive to both stock characteristics and environment
conditions. In parallel, climate change impacts are increasingly affecting fish stocks
directly and indirectly but might also change the exploitation reference points and the
associated level of catch. Here we explored the variability of MSY reference points
under climate change by using a multi-species model applied to the Eastern English
Channel, a highly exploited semi-continental sea. The spatial individual-based OSMOSE
explicitly represents the entire fish life cycle of 14 species interacting through size-based
opportunistic predation. The model was first parameterized and run to fit the historical
situation (2000–2009) and then used to assess the ecosystem state for the 2050–
2059 period, using two contrasting climate change scenarios (RCP 4.5 and RCP 8.5).
For each condition, a monospecific MSY estimation routine was performed by varying
species fishing mortality independently and allowed estimation of reference points for
each species. The FMSY estimated with OSMOSE were mostly in accordance with
available values derived from stock assessment and used for fishing advice. Evolution
of reference points with climate change was compared across species and highlighted
that overexploited cold-water species are likely to have both MSY and FMSY declining
with climate warming. Considering all species together, MSY under RCP scenarios was
expected to be higher than historical MSY for half of them, with no clear link with
species temperature preferences, exploitation status or trophic level, but in relation with
expected change of species biomass under climate change. By contrast, for 80% of
cases FMSY projections showed consistent decreasing pattern as climate conditions
changed from historical to RCP scenarios in the Eastern English Channel. This result
constitutes a risk for fisheries management, and anticipation of climate change impacts
on fish community would require targeting a smaller fishing mortality than FMSY to ensure
sustainable exploitation of marine stocks.
Keywords: maximum sustainable yield, climate change, biological reference points, ecosystem model, fishery
management
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MSY change was ambiguous. As environmental conditions are
expected to drift from the historical mean due to climate change,
fishing reference points estimated under average conditions
might be inappropriate under future climate conditions (Perry
et al., 2010). Using scenarios of temperature increase on North
Sea cod (Gadus morhua), Kell et al. (2005) showed that reference
points based on fishing mortality were more robust to uncertainty
about dynamic processes and future conditions than those based
on biomass. Specifically FMSY was found not to be affected by
changes in carrying capacity, but was found to decrease when
temperature increased, resulting in decreased juvenile survival.
To compensate the possible evolution of reference points, ICES
considers MSY reference points to be valid only in the medium
term, and regularly assesses the validity of the estimations
through regular reviews (ICES, 2019). During benchmarks
(classically every 5 years), data sources, stock-assessment model
and assumptions are updated to include possible evolution
of abiotic (e.g., habitat), biotic (e.g., trophic interactions and
predation mortality) and exploitation conditions (e.g., fishing
selectivity). This pragmatic approach allows producing advice
and reference points in a dynamic mode, however, anticipation
of future evolution of reference points would make fisheries
management more sustainable.
Here we aim at exploring how fishing reference points would
evolve under climate change, and if general patterns emerge that
could be used in anticipation for fisheries management. To do
so, we applied the multi-species model OSMOSE to an exploited
shallow sea ecosystem and estimate FMSY for several species
in different long term abiotic conditions. This model has been
successfully applied to a variety of ecosystems, such as upwellings
(e.g., Marzloff et al., 2009; Travers-Trolet et al., 2014a), estuaries
(e.g., Brochier et al., 2013), semi-enclosed seas (Fu et al., 2012)
and shelf seas (e.g., Grüss et al., 2015; Halouani et al., 2016),
and has been used for addressing various objectives. Particularly
OSMOSE has been used for exploring combined effects of fishing
and climate on the food web (Travers-Trolet et al., 2014b; Fu
et al., 2018), management strategy evaluation of total allowable
catch strategies (Grüss et al., 2016) and for exploration of multispecies reference points (Briton et al., 2019; Guo et al., 2019).
It was also used to investigate sensitivity of various ecosystem
indicators to fishing or environmental conditions (Travers et al.,
2006; Shin et al., 2018), but it has never been used to explore
the evolution of management reference points under climate
change projections.

INTRODUCTION
Sustainable fisheries management has been advocated worldwide
for decades, with several milestones reinforcing this principle.
Adopted by more than 17O Members of the Food and Agriculture
Organization of the United Nations (UN) in 1995, the Code of
Conduct for Responsible Fisheries provides principles applicable
to the conservation, management and development of all fisheries
and aims at promoting sustainable development and exploitation
of world fisheries (Food and Agriculture Organization [FAO],
1995). The 2002 World Summit on Sustainable Development
held at Johannesburg reaffirmed the necessity of continuing
efforts toward sustainable development of the oceans and
ecosystem approach for fisheries management. Particularly, UN
member states committed themselves to maintain or restore fish
stocks to a level that can produce their maximum sustainable
yield (MSY) no later than 2015 (Froese and Quaas, 2013).
This decision has been implemented in Europe through the
2013 reform of the Common Fisheries Policy (CFP; European
Union [EU], 2013), in which a sustainable exploitation rate
corresponding to MSY should be achieved by 2015, or in 2020
at the latest depending on the socio-economic context of the
stocks considered (Salomon et al., 2014). The same reference
point is used as one of the primary criteria to assess the
good environmental status of commercially exploited fish and
shellfish under the descriptor 3 of the Marine Strategy Framework
Directive (MSFD, European Commission, 2017).
The concept of optimum or maximum yield started to be
presented as management objective in the middle of the 20th
century (Mesnil, 2012), but MSY was not specifically used as
reference point for fishery management in European Union (EU)
prior the 2013 CFP reform. MSY is defined as the largest yield that
can be continuously taken on average from a stock under average
environmental conditions without affecting significantly the
reproduction process. The fishing mortality rate FMSY is the level
at which average yield is equal to MSY, and corresponds to the
target reference point explicitly mentioned in the CFP (European
Union [EU], 2013). FMSY is a manageable target reference point
directly linked to fishing effort in contrast to biomass reference
points that are also influenced by the ecosystem state. However,
reaching FMSY does not imply that fish stocks are truly exploited
at levels allowing MSY as other factors than fishing pressure can
affect stock dynamics and status.
In EU, operational FMSY values are mainly estimated by ICES
(International Council for the Exploration of the Sea) working
groups using monospecific stock assessment models. Estimations
of current stock status and reference points are based on analysis
of catch/biomass time series, and life history characteristics such
as population growth rates and stock–recruitment relationships.
Furthermore, models used for stock assessment typically assume
constant values of factors not explicitly considered in the models,
such as trophic interactions or abiotic environment (ICES,
2019). Reviewing the effects of fisheries-induced evolution on
life-history traits and resultant stock properties, Heino et al.
(2013) highlighted the possible change these effects can have
on reference points. They particularly noted that FMSY was
expected to increase through fisheries-induced evolution, while
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MATERIALS AND METHODS
Eastern English Channel Fish
Community Modeled With OSMOSE
Object-oriented Simulator of Marine Ecosystems (OSMOSE) is a
spatial multispecies size-structured model based on opportunistic
predation between a predator and its prey (Shin and Cury,
2001, 2004; Travers et al., 2009)1 . This individual-based model
represents the whole life cycle of several fish species from eggs
1

2
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from stock assessment reports for sole and plaice (ICES, 2011b),
while for whiting, North Sea cod, mackerel and herring, total
stock biomass estimates were derived from stock assessments
covering a wider area (ICES, 2011b, 2012) and were therefore
scaled to the EEC proportionally to the relative landings in this
area. Finally, the EEC OSMOSE application was validated using
independent data, i.e., neither used during parameterization nor
calibration. Simulated mean TL per species and pattern of TL
evolution with size were similar to trophic observations available
in the EEC during the same period (Travers-Trolet et al., 2019).

and larvae up to juveniles and adults. Each individual element
corresponds to a “school” or super-individual of identical fish,
i.e., of the same size, same age, same trophic level (TL), same
location and belonging to the same species. At each time step of
2-weeks schools undergo different processes: foraging movement,
interactions with the environment and other schools (resulting
in explicit predation and several sources of mortality: predation,
starvation and fishing mortalities, and residual mortality due
to causes not explicitly modeled), growth and reproduction.
Opportunistic predation relies on spatio-temporal co-occurrence
and size adequacy between a predator and its prey, which
allows food web structure not to be fixed but to emerge
from local trophic interactions between schools (Travers-Trolet
et al., 2019). Fishing pressure is modeled through a speciesspecific fishing mortality rate F that can vary temporally and/or
spatially according to available knowledge and which affects
only recruited fish (here a knife-edge selectivity was used,
i.e., only fish older than the species age at recruitment were
caught). An extended description of the OSMOSE model and its
parameterization is available as Supplementary Material S1 and
Supplementary Table S1.
OSMOSE has been applied to the Eastern English Channel
(EEC) to better understand the trophic functioning of this
shallow-water sea ecosystem, by explicitly representing 14 species
which constitute 80% of the international landings from this
area (ICES area 7d, excluding invertebrates), more than twothirds of the fish biomass sampled during the scientific bottom
trawl Channel Ground Fish Survey (CGFS, Coppin et al., 1988)
and represent important trophic groups. This set of species
is composed of mackerel (Scomber scombrus), horse mackerel
(Trachurus trachurus), sardine (Sardina pilchardus), herring
(Clupea harengus), poor cod (Trisopterus minutus), North
Sea cod, whiting (Merlangius merlangus), pouting (Trisopterus
luscus), striped red mullet (Mullus surmuletus), dragonet (mostly
Callionymus lyra), lesser spotted dogfish (Scyliorhinus canicula),
sole (Solea solea), plaice (Pleuronectes platessa), and squids
(Loligo forbesii and Loligo vulgaris). This high TL community
can additionally feed on spatially and temporally variable
biomass prey fields of both pelagic and benthic resource groups
coming from the forcing ECO-MARS3D biogeochemical model
(Vanhoutte-Brunier et al., 2008; Le Goff et al., 2017). OSMOSE
has been parameterized to represent the average state of the EEC
ecosystem over the period 2000–2009 using biological parameters
from the literature and information derived from surveys
(Travers-Trolet et al., 2019; Supplementary Table S1). The model
was then calibrated with an automatic evolutionary algorithm
(Oliveros-Ramos et al., 2017) during which the remaining
unknown parameters were tuned in order for the simulated
biomass and catch to approach the values observed over 2000–
2009. Plankton accessibilities, larval mortalities (applied at the
first time step only, i.e., when organisms are 2 weeks old) and
fishing mortalities (applied to all fish older than recruitment
age) have been adjusted during this phase. Observed catches
have been extracted from the ICES Fisheries Statistics official
database (ICES, 2011a) for the ICES area 7d (corresponding
to the EEC) over the period 2000–2009. Total stock biomass
estimates were not available for all species. They came directly
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Climate Change Scenarios
Projections of the fish community under climate change were
performed using two contrasting greenhouse gas concentration
scenarios for which downscaled biogeochemical runs were
available regionally (CERES, 2018). The scenarios are the
Representative Concentration Pathway (RCP) 4.5 and RCP 8.5
used by the Intergovernmental Panel on Climate Change (IPCC,
2014), which correspond at the EEC scale to an averaged increase
of sea temperature of respectively +0.24 and +0.83◦ C at the
2050–2059 horizon compared to the historical state (13.11◦ C in
average over 2000–2009). The 2050–2059 time frame corresponds
to mid-term projections, i.e., a compromise far enough in
the future to perceive the impacts of climate change on the
ecosystem, but close enough for fisheries management tools
(reference points) to stay relevant. As temperature is not explicitly
integrated in the formulation of OSMOSE processes, effects
of global warming were simulated through the modification
of parameters of several processes classically impacted by
climate change (Scheffers et al., 2016). Primary and secondary
productions were slightly decreased, following the projections
of the downscaled POLCOMS-ERSEM biogeochemical model
(Butenschön et al., 2016) available for the North East Atlantic.
Growth parameters were modified following Kielbassa et al.
(2010) approach, either through an increase or decrease of the
parameters depending on the optimal temperature computed
for each species, the historical temperature and the projected
temperature of the RCP scenarios. Reproduction phenology was
advanced depending on the cumulated degree × day duration
in each scenario (resulting in earlier reproduction season, up
14 days in advance depending on the scenario and the species
considered). Spatial distribution was only impacted for species
in their southern boundaries of distribution (North Sea cod,
whiting, herring, and plaice), by cutting their spatial distribution
according to thermal clines for both scenarios. Details on the
references used and computations realized to change parameters
values and on the resulting ecosystem response to climate change
simulated with OSMOSE can be found in Genu (2017) and
Supplementary Material S2.
To assess the importance of species sensitivity to temperature
in the possible evolution of reference points under climate
change, a temperature status was computed for each species
relative to their optimal temperature Topt (Eq. 1).
T ◦ status =

3

Topt − Thist
Thist

(1)
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values over the 2000–2009 period) and FMSY determined as
previously described.

where Thist is the reference state of the historical EEC temperature
equal to 13.11◦ C.
According to this metric, species with a temperature optimum
smaller than the current temperature, i.e., susceptible to negative
impact from warming, were North Sea cod, herring, whiting, and
to a lesser extent plaice, mackerel, lesser spotted dogfish, striped
red mullet and poor cod. Species with a relatively high optimal
temperature were squids, sardine, sole, pouting, dragonet and
horse mackerel (Table 1 and Supplementary Table S2).

Fhist − FMSY
FMSY

Fstatus =

(2)

For some species the yield versus F curve can display a plateau
rather than the classic dome-shape curve. To deal with this
pattern, Briton et al. (2019) computed the yield at 98% of the
MSY as it usually corresponds to the beginning of the plateau in
their study. Here we used a similar approach: the yield at 95%
of MSY was computed and used to derive the corresponding
fishing mortality (F95MSY ). This percentage corresponds to the
precautionary approach followed by ICES when providing advice
on F ranges from stock assessment (ICES, 2016).
First, the MSY computation procedure was applied under
historical (2000–2009) conditions, to determine current MSY,
FMSY and F95MSY as well as fishing status for all species. The
same procedure was then applied under climate change (2050–
2059) conditions, using RCP scenarios as described above, to
estimate the reference points for all species under two scenarios
of climate change.

Estimation of MSY Reference Points
Maximum Sustainable Yield reference points were estimated
for each species by analyzing the simulated catch obtained
for a wide range of fishing mortality rates F. The F space is
explored regularly from 0 to 0.5 year−1 or up to 5 year−1
depending on species (resulting in about 100 F values for each
species, see Supplementary Material S4). This exploration was
performed for each species independently, i.e., while the F
values of the species of interest were modified the F values
of other species were kept constant at their historical levels.
For each value of fishing mortality, 30 replicates were run
as OSMOSE is a stochastic model and the corresponding
simulated catches were saved. To determine the maximal
catch corresponding to MSY and the associated annual
fishing mortality rate (FMSY ), local polynomial regressions were
adjusted to catch data points using the loess function in R
(Briton et al., 2019).
To investigate the possible importance of the current
exploitation status compared to MSY in the evolution of
reference points under climate change, a fishing status was
computed for each species (Eq. 2) based on the relative difference
between the historical Fhist value (corresponding to the calibrated

RESULTS
MSY Estimation Under Historical Period
A total of 40050 simulations (including replicates) were run on a
super-computer to compute MSY reference points for all species
under historical conditions (Table 1). For most species, the
relationship between catch and F followed a dome shape curve
of variable width (Figure 1). However, for few species (pouting,
poor cod, sole and squids) a plateau was observed as F increased.

TABLE 1 | Species characteristics and reference points estimated under different conditions.
Species name

Species characteristics
TL

Topt

T◦ status

FMSY *

Fhist

F status

historical

RCP 4.5

MSY
RCP 8.5

historical

RCP 4.5

RCP 8.5

Lesser spotted dogfish (SYC)

4.59

12.97

−0.010

0.09

−0.615

0.234

0.379

0.39

2692

6347

5935

Striped red mullet (MUR)

3.86

12.7

−0.031

0.194

−0.517

0.402

0.373

0.334

1228

1911

1906

Pouting (BIB)

3.94

15.74

0.201

0.106

−0.962

2.792

1.288

0.798

6765

5460

5294

Whiting (WHG)

4.64

8.21

−0.374

0.122

−0.252

0.163

0.072

0

4931

1714

<1

Poor cod (POD)

3.94

12.01

−0.084

0

−1.000

1.953

1.527

1.263

3573

3107

1920

North Sea Cod (COD)

4.70

6.63

−0.494

0.219

1.009

0.109

0.062

0.009

4196

1359

<1

Dragonet (LYY)

3.94

14.86

0.134

0

−1.000

0.968

0.912

0.83

4541

5122

5884
10447

Sole (SOL)

3.90

16.34

0.247

0.187

−0.861

1.35

0.748

0.704

5701

7844

Plaice (PLE)

4.08

12.14

−0.074

0.44

0.673

0.263

0.276

0.222

3054

3074

1727

Horse mackerel (HOM)

3.87

13.31

0.016

0.052

−0.787

0.244

0.224

0.242

16332

16461

17695
13562

Mackerel (MAC)

4.18

12.41

−0.053

0.142

−0.503

0.286

0.203

0.308

7461

10289

Herring (HER)

2.75

7.13

−0.456

0.156

−0.795

0.762

0.717

0.223

28809

13784

71

Sardine (PIL)

2.90

18.79

0.434

0.03

−0.932

0.614

0.583

0.683

85979

97112

107534

Squids (SQZ)

4.61

20.11

0.534

0.036

−0.914

0.419

0.66

0.396

12375

8399

11902

Mean trophic level (TL), optimal temperature (Topt in Celsius degree), temperature status (T◦ status), historical fishing mortality (Fhist in year−1 ) and fishing status (F
status) correspond to historical conditions (2000–2009). Reference points corresponding to the maximum sustainable yield (MSY in tons) and the fishing mortality (FMSY *
in year−1 ) corresponding to MSY are estimated for historical conditions, and under climate change scenarios RCP 4.5 and RCP 8.5 (2050–2059). Gray cells indicate
situations where the fishing mortality corresponding to 95% of MSY (F95MSY ) is used instead of FMSY due to the presence of a plateau in the catch versus F curve (see
text). Species codes indicated in brackets are used in the figures.
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FIGURE 1 | Continued
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FIGURE 1 | Evolution of yield with fishing mortality rate (F) for each species, under historical conditions (gray and black), and under climate change scenarios RCP
4.5 (blue) and RCP 8.5 (orange and red). Dots correspond to the simulated yield (using 30 replicates) and the line corresponds to the adjusted loess function.
Horizontal dashed lines indicate MSY, and vertical dashed lines indicate FMSY for most species and F95MSY for species for which the curve shows a plateau
(indicated by * next to species name).

While the estimate of MSY remains valid in case of a plateau, the
value obtained for FMSY is highly variable and depends on the
regression function used. Therefore, F95MSY is more reliable and
was used as reference point and for the computation of F-status
for these four species (Table 1).
According to the FMSY estimates determined using OSMOSE,
most species were under-exploited (negative F status) during the
2000–2009 period. The two over-exploited species, i.e., having a
fishing mortality rate over 2000–2009 higher than the reference
point FMSY , were North Sea cod and plaice. Absolute values of
reference points derived from single stock assessments cannot

be compared directly to estimates determined in this study
because the models used largely differ, but relative values can
be helpful. Only few species inhabiting the EEC are assessed by
ICES stock assessment groups at a level allowing MSY estimation.
Analysis of plaice stock assessment for the same area (ICES 7d)
indicated that the fishing mortality averaged over 2000–2009
corresponded to 1.3 times the FMSY estimate (ICES, 2017, values
reported in Supplementary Table S5). Using OSMOSE, historical
fishing mortality of plaice were found to be 1.7 times the level
of the reference FMSY . Sole was also found to be overfished in
the ICES area 7d from stock assessment, with average fishing

FIGURE 2 | Evolution of MSY (A) and FMSY * (B) (corresponding to FMSY for most species, and to F95MSY for species displaying a plateau in their catch-F curve)
under RCP 4.5 (open dots) and RCP 8.5 (filled dots) compared to historical values. Color of the dots indicates the T◦ status of the species. Species code name are
explicit in Table 1.
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(RCP 4.5), but decreased under stronger warming (RCP 8.5).
Under RCP 4.5, FMSY for striped red mullet did not change
much, but it was associated with higher MSY. Reference points
for horse mackerel showed very little evolution under climate
change, whatever the scenario considered.
To explore the evolution of reference points globally under
climate change, relative changes of MSY and FMSY compared
to historical values were displayed on a biplot for each species
(Figure 3). For most cases (79% i.e., for 22 cases in the 28
combinations of species and RCP scenarios), a decrease of FMSY
was projected under climate change. Except for squids under
RCP 4.5 (for which the catch-F curve showed a plateau and
might provide less reliable estimates), no situation associated
an increase of FMSY with a decrease of MSY. However, the
opposite can be true, i.e., for sole, striped red mullet, dragonet
for both scenarios but also for sardine and mackerel under
RCP 4.5, climate change induced a decrease of FMSY associated
with an increase of MSY. It is worth noting that evolution
of reference points under RCP 8.5 was not always a stronger
evolution than the one simulated for RCP 4.5, and changed
sometimes in the opposite direction. For instance, FMSY for
mackerel decreased under RCP 4.5 but increased under RCP 8.5,
MSY of lesser spotted dogfish increased strongly between RCP 4.5
and historical level, but decreased between RCP 4.5 and RCP 8.5.
When considering the potential link between F status and
evolution of reference points (Figure 3A), we found that for both
overexploited species climate change induced a decrease of MSY
and FMSY , but only under RCP 8.5 for plaice. For moderately
exploited species such as whiting, a decrease of both reference
points was also observed. However, for lightly exploited species,
various directions of change of reference points were observed,
from a decrease of both MSY and FMSY for herring to an increase
of MSY but decrease of FMSY for striped red mullet and to an
increase of both reference points (lesser spotted dogfish). The
analysis of reference points evolution according to T◦ status
(Figure 3B) showed that for cold water species (high negative
T◦ status) both reference points decreased under global warming.
Conversely, warmer water species (with high positive T◦ status)
seemed to display a small increase of MSY under climate change,
and no clear direction for FMSY (small increase for sardine, small
decrease for dragonet). No clear pattern emerged from species
with intermediate values of T◦ status. Finally, the consideration of
species TL (Figure 3C) did not allow identifying trophic groups
for which reference points would behave the same, but conversely
illustrated some balance within the ecosystem: when reference
points of predators North Sea cod and whiting decreased,
reference points of another predator (lesser spotted dogfish)
increased. Similar balance was observed for planktivorous species
(sardine and herring, TL < 3). For intermediate TL species, this
pattern was dampened, probably due to the numerous complex
interactions linking the species at the center of the food web.

mortality rates being 1.43 times higher than FMSY (ICES, 2017).
Conversely, in OSMOSE this species appeared to be exploited at
a smaller level than MSY (Fhist corresponds to only 0.14 times
F95MSY , the reference point preferably used as the catch versus
F curve displayed a plateau). Stock assessment of North Sea cod
performed over a broader area (ICES areas 4 and 7d), indicated
that this stock was over-exploited with 2000s averaged fishing
mortality rates being 2.7 times higher than FMSY determined via
stock assessment (ICES, 2017). In OSMOSE, North Sea cod was
also found to be overexploited, with a fishing mortality averaged
over 2000–2009 corresponding to twice the FMSY . Finally, whiting
was also assessed over the wider area ICES 4 and 7d and was
estimated to be exploited during the 2000s at half the level of
FMSY (ICES, 2017). Similarly in OSMOSE the exploitation level
was found to be smaller than FMSY (0.75 times the reference
value FMSY ).

Evolution of MSY and FMSY Under
Climate Change
Under RCP scenarios, the evolution of fish community structure
was characterized by a strong decrease of cold-water species
(North Sea cod, whiting, herring), especially under RCP 8.5 with
North Sea cod and whiting collapsing in the EEC. Conversely,
other species increased in biomass, notably lesser spotted dogfish,
mackerel, striped red mullet and sole (Supplementary Table S3).
Associated to these changes in species biomass, similar changes
were simulated for species catch under climate change because
fishing mortality rates were not modified compared to historical
values. In the same vein, evolution of MSY reference points
tends to scale with evolution of biomass (Figure 2A), except
for lesser spotted dogfish for which the biomass increased by
1.5 under climate change was associated with an increase of
MSY by more than 2. While species with a T◦ status smaller
than −0.1 displayed a strong decrease in biomass under RCP
scenarios, species with intermediate (between −0.1 and 0.1) and
high T◦ status (higher than 0.1) showed either a decrease or
increase in biomass, with no consistent pattern. Biomass changes
under climate change were not directly linked to species T◦
status as the flexible trophic links of OSMOSE allowed multiple
indirect effects of climate change. In contrast to MSY, FMSY
evolution under climate change was not linked to changes in
biomass of the associated species (Figure 2B). Again, except for
species with low T◦ status which showed a decrease of FMSY
under climate change, no link was evidenced between T◦ status
and FMSY evolution. Under RCP scenarios, the species catch
versus F curves displayed similar shape than under historical
conditions, i.e., a plateau was observed for the same four
species (Figure 1).
The co-evolution of both MSY and FMSY reference points
displayed different patterns for different species (Table 1). For
instance, both MSY and FMSY decreased under climate change
for North Sea cod and whiting, with an intensity proportional to
warming. Conversely, both reference points increased for lesser
spotted dogfish under climate change, but with little difference
between the two RCP scenarios. For plaice, reference points were
similar between historical state and moderate climate change
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The expected evolution of reference points under climate change
is not mono-directional and depends on species considered.
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MSY evolution appears to be strongly linked to species biomass
evolution, which cannot be derived a priori from temperature
preference of fish species. Indeed, climate change is applied on
several processes within OSMOSE (Genu, 2017; Supplementary
Material S2) and the representation of the full life cycle
coupled with the multiple and flexible trophic links between fish
individuals allows simulations of both direct and indirect effects
of climate change, leading to unpredictable species biomass
evolution. This results in expected decrease of MSY under climate
change for half of the modeled species. Both directions of
change of MSY have been reported with observed increasing
temperature and have been projected under climate change
scenarios. When analyzing the evolution of MSY with historical
temperature for 235 populations worldwide, Free et al. (2019)
showed that MSY increased for nine populations and decreased
for 19 populations. This decrease was particularly observed for
populations inhabiting the North Sea, a neighbor ecosystem
to the EEC, and for species that had experienced overfishing,
warming and were located at the warm ends of their thermal
niches (Free et al., 2019). Another time series analysis realized
in the North Sea emphasized that MSY of five planktivorous
species have been halved between the late 1970s and the most
recent period, illustrating this time a common decrease of
forage fish productivity probably induced by a precedent shift
in plankton community (Clausen et al., 2018) that have been
linked to temperature (Beaugrand et al., 2003). Complementary
to time series analysis, studies using projections of ecosystem
under climate change give also contrasting results. Cheung et al.
(2010) showed that the projected maximum catch potential
(computed from estimated species MSY) under Special Report on
Emissions Scenarios (SRES) scenarios was highly variable across
regions and ranges from −20% for Indonesia EEZ to +45%
for Norway EEZ, with almost no change for United Kingdom
EEZ which includes part of the EEC. From projections under
four recent RCP scenarios, total global MSY from almost a
thousand stocks worldwide did not change markedly by 2100 on
average, but showed enormous variation across stocks as 53% of
stocks’ MSY decreased under RCP 4.5 and 91% under RCP 8.5
(Gaines et al., 2018).
Determining generalities of reference points’ response to
climate change would be helpful for managers, as it would
provide information required for anticipating future changes
in their operational tool. From the relatively small amount
of species modeled with OSMOSE it seems that cold-water
species will undergo a decrease in both reference points, but
for temperate species no pattern can be identified. Exploitation
status might have a role as well, as overexploited species also
undergo a decrease in both reference points. Even with a
limited number of species considered this study shows that
overexploited cold-water species are likely to have both their
reference points declining with climate warming. This result
concurs with conclusions from Free et al. (2019) concerning
MSY only. Additional general patterns involving both reference
points were not evidenced in this study, especially regarding
temperate species. However, conversely to the diversity of
MSY responses to climate change, FMSY projections considered
alone show more consistent decreasing pattern in the EEC

FIGURE 3 | Evolution of reference points under climate change scenarios
compared to historical values of reference points. Relative MSY is plotted on
the y-axis. Relative FMSY * corresponds to relative FMSY for most species and
to relative F95MSY for species displaying a plateau in their catch-F curve, and
is displayed on x-axis. Dashed lines indicate those species. Historical
references points are situated at coordinates (1,1) by construction, references
points under RCP 4.5 are indicated by open dots and reference points under
RCP 8.5 are indicated by filled dots. Colors are associated to species
characteristics, either F status (A), T◦ status (B) or TL (C).
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shape of the yield to fishing mortality curve (and the values of
reference points), and asymptotic selectivity can result in the
presence of a plateau (Scott and Sampson, 2011). In the present
study, two main hypotheses can explain the occurrence of a
plateau. First, growth depends on food availability, and under
abundant food conditions, some individuals can reach maturity
size long before reaching recruitment age. These individuals
would have time to reproduce before being caught by fishing,
preventing population collapse under high fishing mortality
rates. Second, fishing pressure was modeled in a simple way,
with a knife-edge selectivity and therefore a constant fishing
mortality rate applied to all individuals older than the specified
age at recruitment. Further developments implementing several
fishing fleets and associated size selectivity curves would allow
identifying if a plateau would persist under more realistic
modeling choices, and would be useful for integrating technical
interactions in the exploration of MSY behavior to climate
change. Here we used a monospecific procedure to estimate MSY
reference points, even if we used a multi-species model with
predation interactions, because they correspond to the target of
the CFP (European Union [EU], 2013). However, alternatives
could be studied, such as the concomitant estimation of MSY
for a set of interacting species (Nash equilibrium between FMSY
reference points, Thorpe et al., 2017) and/or multispecies MSY
(MMSY) or other system-wide reference points (Moffitt et al.,
2016). Because they integrate part of the complexity of marine
system, ecosystem models are useful to investigate how fishing
and climate change combined themselves when impacting fish
communities, and if one increases the sensitivity of marine
ecosystems to the other (Perry et al., 2010). Moving toward
more sustainable and ecosystem-based management of fisheries
can rely on ecosystem models to better anticipate changes to
come and ensure the pertinence and reliability of reference points
used in management. Considering uncertainty attached to model
results is the next step in this direction as it would increase
transparence, credibility and therefore usefulness of ecosystem
models for fisheries advice (Lehuta et al., 2016). Identifying which
parameters are the most influential on model output allows
prioritizing research toward reduction of model uncertainty
(e.g., more accurate estimation of model parameters) and better
understanding of model structure and error propagation (Bracis
et al., 2020; Xing et al., 2020).

under RCP scenarios. The few cases (20%) in which FMSY
was found to increase concern lesser spotted dogfish, mackerel
and sardine, which are moderately exploited and temperate
to warm species. Consistent decrease of FMSY with increasing
temperature was also observed from time series analysis of
five planktivorous fish in the adjacent North Sea (Clausen
et al., 2018). When studying possible response of North
Sea cod reference points to warming, Kell et al. (2005)
illustrated that FMSY was expected to decrease as temperature
increases. These studies combined to our results reinforced
the main pattern obtained here, that fishing reference point
FMSY is expected to decrease under global warming for a
variety of stocks.
Climate-induced decrease of FMSY constitutes a big risk
for managers and sustainability of stocks. Even if this fishing
reference point is currently used as a management target in
EU and supposedly reached by 2015 (European Union [EU],
2013), current fishing mortality rate remains higher than FMSY
for 64% of the 397 stocks in EU therefore indicating their
overexploitation (Froese et al., 2018). This percentage goes down
to 44% when considering only the greater North Sea ecoregion
(45 stocks) to which the EEC pertains, a value still illustrating
that sustainable exploitation of this ecosystem is not reached
yet. In this context, the risk for managers is that the fishing
reference points they are targeting (and having difficulties to
reach) when reducing fishing pressure will decrease under climate
change, and therefore will prevent the sustainable exploitation
of stocks. Positive expected consequences of fishing at FMSY
such as highest average yield fishers can expect would not be
observed as warming would have change the reference values, and
might discourage effort to further reducing the fishing pressure.
To ensure sustainable fisheries, managers need to be proactive
regarding effects of climate change, and should start targeting
fishing mortalities smaller than FMSY . Such recommendations
have already been proposed, but for other objectives. Targeting
only a “pretty good yield”, i.e., corresponding to 80% of MSY
as proposed by Hilborn (2010), allows reasonably high yields
for fishers and other beneficial outputs linked to the multiple
objectives of most fisheries management. This is particularly
true for mixed-fisheries, i.e., when several species are caught
together and their respective MSY cannot be reach concomitantly
(Rindorf et al., 2017; Ulrich et al., 2017). Using the FMSY reference
points as a limit rather than a target, i.e., aiming at keeping the
fishing mortality rate lower than FMSY , or targeting a reference
point lower than FMSY would be precautionary both in case of
technical interactions between stock (mixed fisheries) and in case
of climate change anticipation.
Mechanistic multispecies model such as OSMOSE represent
a useful framework to explore response of management tools
such as FMSY to different modalities of ecosystem state usually
considered constant in stock assessment models. The model
provided good estimates of relative reference points when
compared to stock assessment output. The occurrence of a
plateau in the yield to fishing mortality curve for four species
tempered the overall good representation of stocks dynamics,
even though a plateau is also observed sometimes using stock
assessment models. Typically, fishing selectivity curve affects the
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