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We investigate reference points for ecosystem indicators in support of an Ecosystem Approach to Fishery. In particular, we assess indicator ca-
pacity to detect when the Multispecies Maximum Sustainable Yield (MMSY) is reached, under a wide range of multispecies fishing strategies.
The analysis was carried out using a simulation approach based on the ecosystem model OSMOSE in the southern Benguela. We show that
the 13 ecosystem indicators have reference points at MMSY that are highly variable across fishing strategies. The state of the ecosystem at
MMSY is so variable across fishing strategies that it is not possible to set reference points without considering the fishing strategy. However,
strategy-specific reference points were found to constitute robust proxies for MMSY in more than 90% of the simulated fishing strategies. For
instance, under the current fishing strategy in the southern Benguela, robust reference points at MMSY could be identified for the following
indicators: mean length of fish, mean lifespan, biomass over catch ratio, trophic level of the surveys, mean trophic index, proportion of preda-

tory fish, intrinsic vulnerability index, and mean maximum length.

Keywords: ecosystem-based fishery management, fishing strategy, indicator reference point, multispecies MSY, southern Benguela

Introduction

Ecological indicators for an ecosystem approach to
fisheries

The early 2000s featured as a turning point in the way fishery
management should be considered. The limits of the dominant
single-species approach opened the way to the concept of a more
integrative Ecosystem Approach to Fisheries (EAF or EBFM—
Ecosystem-Based Fishery Management; Marasco et al, 2007;
Ruckelshaus et al., 2008). Most importantly, EBFM embodies a
desire to reconcile sometimes contradictory expectations from so-
ciety regarding the ecosystem and the services it provides. EBFM
also aims at moving beyond mono-specific approaches to fisher-
ies. Some species cannot be evaluated or managed independently
from others (bycatches, trophic interactions, competition for
habitats), hence the necessity to establish management policies at
the scale of an ecosystem rather than of a stock (Hall and

Mainprize, 2004; Shannon et al, 2004; Mackinson et al., 2009).
Finally, the transition towards an EAF is particularly crucial as
the mono-specific approach can be too lenient when applied to
multiple species in parallel, potentially leading to the collapse of
certain stocks (Ghosh and Kar, 2013; Voss et al., 2014).

To make progress in the implementation of EBFM, the status
of the ecosystem needs to be assessed and its key properties char-
acterized (e.g. resilience, biodiversity, structure, or functioning).
Numerous ecosystem indicators were developed to provide rele-
vant information on the health of an ecosystem, commonly de-
fined in preserving the following four attributes: (i) biodiversity,
(ii) stability and resilience, (iii) structure and functioning, and
(iv) the productive potential (Shin et al., 2010b). Aside from giv-
ing insight into the state of an ecosystem, an indicator should ful-
fil various criteria suggested by Rice and Rochet (2005): namely a
suitable candidate indicator should (i) have ecological meaning
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regarding a perturbation, (ii) be sensitive to such perturbation,
(iii) be easily measurable, and (iv) be widely understood by non-
experts. Many indicators were proposed at the onset of the EAF
worldwide, and eventually the time came to evaluate their useful-
ness and performance and select the ones best meeting the afore-
mentioned requirements (Shin et al, 2012, 2018; Coll et al,
2016).

Values and trends of indicators are intended not only to assess
the state of an ecosystem, but also how far it is from reaching one
or several objectives. This can be accomplished by means of refer-
ence points. A reference point for an indicator may either be a
value one aims at reaching (which will be referred to as a “target”
reference point) or a threshold that should not be crossed (re-
ferred to as “limit” or “precautionary” reference points; Jennings
and Dulvy, 2005). Target reference points may be more suitable if
one aims at maximizing the yield for instance, whereas limit ref-
erence points may be more closely associated with conservation
objectives (Hall and Mainprize, 2004). Indicators are usually se-
lected with regard to one specific driver of change. In the case of
EBEFM, indicators should respond in a predictable way to the fish-
ing driver in its diverse forms (e.g. fishing effort, mortality, spatial
allocation). If target reference points can be determined, the cor-
responding range of desirable fishing efforts can be estimated.
When reference points cannot be determined owing to the lack of
sufficiently precise information on the ecosystem, the knowledge
of reference directions can help to guide management measures,
although there is no indication of whether success or failure to
reach an objective is to be expected (Jennings and Dulvy, 2005).
The difficulties faced when addressing reference points should
not dissuade perseverance in that direction. The study led by Shin
et al. (2010a) showed that some consensus emerged in the estima-
tion of reference points based on expert elicitation across various
ecosystems. This consensus is particularly encouraging as it rein-
forces the ecological meaning of the indicators and suggests that
very different ecosystems could be compared based on simple
indicators.

Multispecies maximum sustainable yield and fishing
strategies

Indicator reference points aim to reflect simultaneously a specific
state of the ecosystem and whether some precise management
objectives have been/can be met. By analogy to the mono-specific
Maximum Sustainable Yield (MSY), which is a common target
for fisheries agencies worldwide, we investigate reference points
for ecosystem indicators for an ecosystem equivalent, namely
Multispecies Maximum Sustainable Yield (MMSY; Worm et al.,
2009; Rindorf et al., 2016; Link, 2018).

So far, the regulation of fishing effort has been the primary le-
ver of action to ensure the sustainability of a commercially
exploited stock. Most often, when the state of a stock is evaluated,
an estimate of the MSY is provided (and the associated fishing
mortality Fysy) and translated into direct or indirect manage-
ment decisions such as catch quotas until the next evaluation.
Similar management procedures could be envisaged at the ecosys-
tem scale by estimating the ecosystem exploitation rate allowing
maximization of the total catches, also referred to as Multispecies
Yield (MY; Worm et al., 2009; Jennings and Collingridge, 2015).

At the level of the ecosystem, the expected MMSY and the re-
sponse of MY to fishing effort depend on how the latter is allo-
cated between the different exploited stocks, hereafter referred to
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as the “fishing strategy.” Recently, the fishing strategy has been
shown to influence the performance of the fishing sector both in
production and conservation (Voss et al., 2014; Kolding et al.,
2016). Because both the structure and productivity of an ecosys-
tem largely depend on how it is exploited (Travers et al., 2006,
2010), it can be anticipated that, given the large range of potential
harvesting strategies, a given management objective (e.g. MMSY)
may be reached under different states of an ecosystem reflected
by different values of ecosystem indicators. This potential vari-
ability of indicator reference points implies that they may not be
considered as intrinsic values of an ecosystem, disregarding how
it is exploited. However, rather than an obstacle to the practical
use of ecosystem reference points to guide management decisions,
their potential dependence on the fishing strategy could provide
more flexibility in the appropriate management options and
some mitigation opportunities. If an objective can be reached un-
der different states of the ecosystem and fishing strategies, it
opens the possibility to choose the best management option re-
garding other societal needs, such as conservation issues.

The southern Benguela case study

Here, we were interested in the productive upwelling ecosystem
of the southern Benguela that has provided a pioneer case study
on how to implement EBFM since the early 2000s (Shannon
et al., 2004) and has been successfully implementing participatory
approaches with various stakeholder groups (Jarre et al., 2018).
The present work was designed more as an exploratory study on
reference points rather than a concrete management plan for the
southern Benguela fishery, and thus the choice of the objectives
was not the core issue. The reference points considered hereafter
refer to the values of a selection of ecosystem indicators when
MMSY is reached. In order to quantify the variability of indicator
reference points in a systematic way, we adopted a simulation ap-
proach to generate a large number of fishing scenarios. We used
the individual-based model (IBM) OSMOSE (Shin and Cury,
2004) applied to the southern Benguela ecosystem (Travers-
Trolet et al., 2014a) to simulate 200 randomly generated fishing
strategies. The simulation plan aims at testing the existence of ref-
erence points, which would be robust to a variety of fishing
strategies.

Material and methods

OSMOSE model

The 2D IBM OSMOSE (“Object oriented Simulator of Marine
Ecosystems”) is a multispecies fish model relying on size-based
opportunistic predation. Consequently, fish diets are solely the
result of local prey availability and predator/prey size ratios (Shin
and Cury, 2004). The modelled super-individuals represent fish
schools sharing the same following characteristics: taxonomy,
species-dependent life-history traits, size, weight, age, and geo-
graphical position on the horizontal grid. At each time step (every
15days in our configuration), the characteristics of a super-
individual evolve according to its life cycle (growth, predation,
natural and starvation mortalities, reproduction, migration), to
inter-individual interactions, and the fishing pressure exerted on
its recruits. The fishing pressure for each species was imple-
mented as a mortality rate for which the distribution within a
year followed the observed seasonality of the different fleets in the
southern Benguela. At each time step, the number of fish re-
moved by the fishery is: Naeadgy (f) = N(£)(1 — e~ <0y, N(1)
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being the number of individuals at time ¢ and s(¢) the fraction of
the annual fishing mortality exerted at time t. In order to resolve
simultaneous mortality caused from different sources (fishing,
predation, starvation, diverse additional), a stochastic algorithm
was applied (www.osmose-model.org; Griiss et al., 2016).

OSMOSE can be coupled “one-way” or “two-ways” to a
ROMS-N,P,Z,D, model simulating the dynamics of the lower
trophic levels (Dinoflagellates, Diatoms, Ciliates, and Copepods;
Koné et al, 2005; Travers et al, 2009; Travers-Trolet et al.,
2014a). In the” one-way” coupling, the plankton represented by
the LTL (low-trophic level) model ROMS- N,P,Z,D, forces the
HTL (high-trophic level) model OSMOSE by providing prey
fields to fish (Figure 1). The “two-way” coupling considers the
feedback from the HTL model to the LTL model in the form of
predation mortality on plankton groups by predation from
higher trophic levels. For this particular study, the model was
coupled “one-way” as running the two-ways coupled model for
hundreds of scenarios would not have been tractable. Biweekly
intra-annual variability in LTL forcing was incorporated. Ten key
species or groups of species of the southern Benguela ecosystem
chosen for their importance in biomass, catches, or trophic role
were represented in the HTL model OSMOSE (Shin et al., 2004):
anchovy (Engraulis capensis), round herring, also commonly
called “redeye” (Etrumeus whiteheadi), horse mackerel (Trachurus
trachurus capensis), shallow-water hake (Merluccius capensis),
deep-water hake (Merluccius paradoxus), snoek (Thyrsites atun),
the remaining large pelagic species (e.g. kob, yellowtail, yellowfin
tuna, albacore, carpenter) grouped in one functional group be-
cause they share similar life traits, the mesopelagic fish species
Lampanyctodes hectoris and Maurolicus muelleri also grouped to-
gether, and euphausids (Euphausiacea). The spatial distribution
of each species, accounting for possible ontogenic migrations,
was documented by age-specific presence—absence maps found in
the literature (maps from Travers-Trolet et al. (2014a)) and
updated with respect to the changes in distribution observed in
the early 2000s documented in Watermeyer et al. (2016).

Most species parameters of the model are common life-history
traits (reproduction, growth parameters, etc.) that were easily
found in the literature (Supplementary Table SI and Travers
et al, 2009). Nevertheless, some parameters remain largely
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unknown and were estimated using a heuristic optimization algo-
rithm particularly suited to the calibration of stochastic models
like OSMOSE (Duboz et al.,, 2010; Oliveros-Ramos and Shin,
2016). This was the case of the plankton accessibility factor (i.e.
the fraction of the plankton biomass available to the higher tro-
phic levels) and the larval mortality rate of the different species.
Their estimation was done through the multi-phases minimiza-
tion of an objective function (here, a log-likelihood objective
function measuring the deviation between the outputs of the
model and the historical biomass and catch data for the period
2000-2003) in the following order: (i) estimation of the plankton
accessibility only, (ii) estimation of the larval mortalities (one for
each species or taxonomic group), and the plankton accessibility,
and (iii) estimation of the fishing mortality rates, along with the
two previous sets of parameters. The configuration of the model
running with those estimated parameters reached equilibrium af-
ter a spin-up time of ca. 40 years. Because the time that the model
takes to reach equilibrium can depend on the configuration, and
the latter changed depending on the different scenarios of fishing
strategies, the “spin-up” phase was extended to 60 years. All the
ecosystem indicators addressed in this study were calculated from
model state variables (biomass or yield outputs structured, or
not, by age or size classes or trophic levels), averaged over the pe-
riod 60-80 years. Moreover, because OSMOSE is a stochastic
model, 30 replicates of each configuration were run, over which
the output state variables were averaged.

Ecosystem indicators

Since landings data are biased because of illegal, unreported and
unregulated (IUU) fishing, which may represent up to one-third
of the global reported catches (Agnew et al., 2009), complemen-
tary indicator reference points other than those based solely on
reported catches have the potential to improve the assessment of
fishing impacts and to operationalize EBFM. The existence of ref-
erence points was tested for the set of ecological indicators se-
lected by the working group IndiSeas (Shin et al., 2010b; Coll
et al., 2016). Three indicators commonly used for the European
Marine Strategy Framework Directive were added to this list: the
large fish indicator LFI (Greenstreet et al., 2011), the mean
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Figure 1. Schematic of the OSMOSE—ROMS-N,P,Z,D, coupling. “One-way” coupling: the plankton represented by the low-trophic level
(LTL) model ROMS-N,P,Z,D, forces the high-trophic level (HTL) model OSMOSE by providing prey fields to fish. Source: http://www.

osmose-model.org/.
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maximum length MML (Jennings et al., 1999), and the slope of
the size spectrum SSS (Shin et al, 2005). A summary of their cal-
culation is presented in Table 1 and additional information in
Supplementary Table S2.

Further refinements of indicators like the large fish indicator
LFI, the marine trophic index MTT or size spectrum slope SSS are
possible by considering different size or trophic level thresholds
or ranges. Because an indicator calculated at different thresholds
can give complementary insights on the dynamics of a commu-
nity (Shannon et al, 2014), we deemed it important to assess
whether the choice of the threshold influenced the sensitivity of
the associated reference points to the harvesting strategy. The
large fish indicator was calculated by considering fish larger than
20 cm (LFI20) and 30 cm (LFI30). The marine trophic index was
calculated at four thresholds, i.e. considering fish of which the
trophic level (TL) is higher than 3.25 (the reference threshold),
3.5, 3.75, and 4.0 (threshold suggested by Shannon et al. (2014)
and Coll et al. (2016) for upwelling ecosystems like the southern
Benguela). Finally, the size spectrum slope was calculated by con-
sidering fish between 10 and 60 cm (S85560), and 10 and 100 cm
(8SS100; Shin et al., 2005).

Testing the sensitivity of ecosystem-based reference
points to the fishing strategy
Reference points at MMSY
The aim of the first part of the study was to explore the variability
of reference points for ecosystem indicators across a wide range
of fishing strategies. The hypothesis tested is that a variety of fish-
ing strategies leads to variable MMSYs that potentially underlie
contrasted statuses of fish stocks as reflected by different values of
indicator reference points.

In our simulations, a fishing strategy S reflected a given distri-
bution of the fishing effort among the different exploited species
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Formally, it was defined as a vector of fishing mortality rates, one
for each species. In order to assess the sensitivity of the indicators’
reference levels to the fishing strategy, 200 randomly generated
fishing strategies were simulated. For each fishing strategy, the
fishing mortality rate S[sp] of the species sp was drawn between
0.05year ' and Fooliapse[sp], the latter being the fishing mortality
rate at which the species sp collapsed (i.e. reached 10% of its vir-
gin biomass) while all other species remained fished at their esti-
mated levels for the period 2000-2003 (Supplementary Table S1).
The response of each species to the fishing pressure was deter-
mined with the function F,, from the R package osmose2R
(www.osmose-model.org). The lower bound of 0.05year ' re-
ferred to the minimal fishing rate among the exploited species
obtained after calibration for the period 2000-2003, and was im-
posed in order to reach the MMSY for reasonable values of the
multiplier 4 of fishing mortality rates (defined hereunder).

For each strategy, we increased the fishing pressure on all spe-
cies by multiplying the vector S by a factor 4. The vector of fish-
ing mortality rates corresponding to a fishing multiplier 4 was
thus defined as: F = 4 x S. Fishing pressure kept increasing until
MMSY was reached for each strategy. Because the fishing multi-
plier A at which the MMSY was reached strongly varied between
strategies, it was not relevant to fix a priori the values taken by A.
They were thus determined for each strategy independently
according to the following algorithm (Supplementary Figure S1):

(1) A first estimate of Aysy (the value of 4 at which the MMSY
was reached) was made through a coarse screening of the
fishing multipliers at a step AL; = 10 between 1=0 and
2=500.

(2) This first estimate of Ayssy set the upper bound of a second
screening of A with 20 4 values equally distributed between
A=0 and A = sy + 2 X ALy So the finer second step

(ie. all species except euphausids and mesopelagic fish). applied is Ak, = %M.
Table 1. Summary of the various ecosystem indicators tested in the present study.
Indicator Abbreviation Calculation Type Unit
Total biomass TB ZBSP Survey-based MT
P
Inverse of fishing pressure B.Y TB/MY Survey-based (0]
IVigxY,
Intrinsic vulnerability index of the landings i % Catch-based
e Biize
Large fish indicator LFI(sizejin) st# Survey-based
Mean size LG M Survey-based cm
p X By
Mean lifespan LS w Survey-based year
. . Z max sizegy X Bgy
Mean maximal size MML ) Survey-based cm
TLxY-
Marine trophic index MTI(TLjim) M Catch-based @
Proportion of predatory fish PF B"% Survey-based (0]
Size spectrum slope SSS Opposite slope of Survey-based (0]
log(abundance) = f(log(size))

. . D TLyxYy
Trophic level of landings TLL = Catch-based (0]

) ) > TLyxBy
Trophic level of surveyed community TLS = Survey-based (0]

Summary of the various ecosystem indicators tested in the present study. Only surveyed species were considered to calculate survey-based indicators and only
harvested species were considered for the calculation of catch-based indicators. Whether a species is surveyed, harvested, or considered as a predator is docu-
mented in Supplementary Table S1. N refers to number of individuals, B to biomass in the ecosystem, Y to yield, MY to multispecies yield, IVI to the intrinsic vul-
nerability index, maxage to species lifespan, maxsize to species maximal size, and TL to trophic level. Subset sp stands for species, and sizej;,, and TLj;,, are the

size and TL thresholds used in the calculation of some indicators.
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(3) Finally, 4 steps were further refined at the beginning of the
MY curve (between =0 and A),) and around Ay (be-
tween Apmsy — Al and Ayvsy + AXy)  with a  step

Ah; = %. These refinements were made to improve the
curve fittings described hereunder.

Simulated values of multispecies yield (MY) as well as other eco-
system indicators were then generalized so that: (i) MMSY and
the reference points of ecosystem indicators at MMSY could be
better approached, and (ii) the evolution of the indicators with
the fishing multiplier could be reconstructed at regular intervals.
As we were not interested in the actual parameters from a model
fitting the data, we chose to generalize the data based on local
polynomial regressions (loess function from the R package stats)
as it allowed to fit the data more closely especially in the presence
of plateau or abrupt changes in slope. In 10% of the simulated
scenarios, total catches would reach a plateau at MMSY and not
display the typical bell-shaped curve. Because increasing fishing
effort once total catches have reached a plateau would cause eco-
nomic losses for the fishery, we deemed it relevant to estimate
MMSY as the beginning of the plateau. The beginning of the pla-
teau was generally observed at 98% of MMSY. Estimating MMSY
as 98% of the real MY maximum was therefore a satisfying option
to similarly treat both bell-shaped and plateau curves. The curve
fitting of MY allowed estimation of /sy as the abscissa at which
98% of the MY maximum was reached. Finally, the reference
points of the various indicators were determined as the values of
the fitted indicators at A = Apsy.

Testing the robustness of reference points across fishing
strategies

For each indicator, the set of reference points at MMSY for the
200 simulated fishing strategies defined what we called its refer-
ence distribution (200 values per indicator), and the interdecile
range [Q10; Q90] of this distribution defined its reference interval.
The total distribution of an indicator referred to the whole set of
values the latter could take, independently of the strategy or fish-
ing intensity A. It was reconstructed by extracting 100 values of
the indicator (equally distributed between A=0 and Appssy
(20000 values per indicator)) for each strategy from the fitted
indicator’s curves for that strategy.

Whether an indicator displayed typical values at MMSY that
could be used as alternative target reference points, or proxies, for
MMSY was investigated by calculating the proportion of its total
distribution contained in its reference interval. An indicator was
considered as useful to detect when MMSY was reached regard-
less of the fishing strategy when <10% of its total distribution fell
within its reference interval.

For visualization purposes, and comparison between

indicators, standardized indicators were calculated as:
value—mean of the total distribution
standard deviation of the total distribution”

Testing the robustness of reference points within fishing
strategies

If our hypothesis is confirmed, ecosystem indicators may be too sen-
sitive to the fishing strategy for their reference points at MMSY to be
set regardless of fishing strategy. In this case, strategy-specific refer-
ence values are likely to provide more robust proxies for MMSY.
Still, because of the stochastic nature of the model (cf. OSMOSE
model section), a single set of inputs (of particular interest in this
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work: the fishing strategy S and fishing intensity 1) will result in dif-
ferent outputs (the ecosystem indicators). As a consequence,
strategy-specific reference levels should be expressed in confidence
intervals rather than single values. For each strategy, robust indica-
tors at MMSY were identified as the ones for which <10% of the to-
tal distribution of the indicator in the strategy was contained in the
95% Student based confidence interval of the mean of the mean ref-
erence point across the 30 replicates. This allowed us to identify the
indicators that were the most likely to provide robust strategy-
specific proxies for MMSY.

Focus on realistic fishing strategies in the southern
Benguela

In addition to these exploratory analyses, we gave special atten-
tion to more realistic fishing strategies in the southern Benguela.
These strategies explicitly accounted for technical interactions
among species simultaneously caught by a fishing fleet. Indeed,
the various fishing fleets in the southern Benguela are not species-
specific (i.e. they do not target a single species but catch many
species in various proportions), and it is thus not realistic to ap-
ply uncorrelated fishing pressures on the various species. The
same methodology as described in “Testing the robustness of ref-
erence points within fishing strategies” was used to determine
which indicators could be used as robust proxies for MMSY.

Reaching MMSY by increasing the fishing effort on all species
The first scenario simulated an increase of the fishing effort on all
species proportionally to their exploitation levels for the period
2000-2003. This was done by multiplying the vector of fishing
mortality rates Foopo—2003 estimated by the calibration algorithm
to fit the mean annual catches for the period 2000-2003
(Supplementary Table S1) by a fishing multiplier 4 until MMSY
was reached. This scenario would correspond to simultaneously
developing all South African sectors from their 2000-2003 levels.

Reaching MMSY by developing only some fishing sectors

Rather than increasing the fishing effort of all fleets, one could
also imagine reaching MMSY by developing only some fishing
sectors. This could be done to preserve the most vulnerable stocks
for instance. We successively explored the development of two
fishing sectors, namely the purse seine fishery catching mostly the
small pelagic species such as sardine, anchovy and redeye, and the
hake trawl fishery targeting both hake species but also catching
large pelagic species and horse mackerel. We chose to focus on
those two sectors as they account for most of the reported catches
(the purse seine and hake trawl sectors respectively accounted for
70 and 25% of the total landings between 2003 and 2014). For
each modelled species, the proportion of its annual catches attrib-
uted to each sector was calculated from official annual catch data
by sector (data records of the Department of Agriculture,
Forestry and Fishery, South Africa). Annual landings of each spe-
cies of each sector were averaged between 2003 and 2014, which
is the period for which data were available. The contribution of
each sector to the catches of each species is reported in Figure 2.
For each sector separately, we multiplied the fishing effort by a
factor A. The resulting fishing mortality rate for the species sp for
which a proportion p[sp] is caught by the developing fishing fleet
was calculated as: F[sp] = Faoo—2003[sp] x ((1 — p[sp]) + 4 x p[sp])-
In this way, only the proportion of the fishing mortality rate attrib-
uted to the selected developing fishing sector increased by a factor /.
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Figure 3. Distributions of the standardized indicators and their reference points (all randomly generated fishing strategies included). Refer to
Table 1 for the indicators’ definition. In black: the total distribution of all indicator values across all strategies (n =20 000), in grey: the
reference distribution, i.e. the distribution of the reference points at MMSY across all strategies (n = 200). Numbers indicate the percentage
of the total distribution of the indicator that fell within the interdecile range of its reference distribution.

Results

High sensitivity of the reference points to the fishing
strategy

By looking at the tails of indicator density functions (Figure 3), it
appeared that the reference distributions of all indicators were
narrower than their total distributions. However, the proportion
of the total distribution that fell within the reference interval was
much higher than 10% for all indicators (Figure 3). This means
that, without specification on how MMSY is expected to be
reached (i.e. the fishing strategy), the ranges of values taken by
the tested ecosystem indicators at MMSY were too wide to consti-
tute robust signals that MMSY had been reached. In other words,
there is no “one size fits all” value for those indicators that could
help track MMSY: they are dependent on the fishing strategy.

Strategy-specific reference points at MMSY

As shown on Figure 4a, all indicators were not equally useful in
detecting when MMSY had been reached. The indicators B.Y,
LS, TB, MML, and LFI20 appeared as the most likely to provide
robust proxies for MMSY, as their confidence interval at MMSY
had <10% overlap with the total distribution of the indicator in
more than 60% of the simulated strategies. It is worth noting that
the thresholds used for calculating indicators such as the marine
trophic index MTI, the large fish indicator LFI or the size spec-
trum slope SSS influenced their robustness. This is especially
striking for the large fish indicator, which could be used as a
proxy in 60% of the strategies when calculated at a threshold of
20 cm, but was only useful in 25% (respectively 16%) of the strat-
egies when calculated at a threshold of 40cm (respectively
30 cm). The size spectrum slope was in general more useful when
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as a robust proxy, in 2% of them two indicators could be used, etc.

calculated at a threshold of 60cm (40% of the strategies) than
when calculated at a threshold of 100 cm (15% of the strategies).
The mean trophic index appeared slightly more likely to provide
a robust proxy for MMSY when calculated at thresholds of 3.5 or
3.75 cm (respectively 38 and 34% of the strategies) than when us-
ing the commonly used threshold of 3.25 (31% of the strategies).

As shown on Figure 4b, only 7% of strategies did not have a
robust proxy indicator for MMSY, which means that at least one
indicator among the proposed list provided a robust proxy for
MMSY in more than 93% of the strategies. MMSY could be
detected by more than one indicator in 88% of the strategies
(bins 0 and 1 account for 12% of the strategies). In those cases,
monitoring the ecosystem with a suite of indicators rather than a
single one could increase the reliability of the assessment.

Focus on more realistic fishing strategies

When fishing pressure increased on all species proportionally to
the 2000-2003 levels, the response of the ecosystem could be di-
vided into three main phases as illustrated by Figure 5:

e Phase 1: The strong decrease in anchovy biomass released
competition pressure for large zooplankton (euphausids),

which largely benefited horse mackerel and redeye, the bio-
mass of which increased despite increasing fishing pressure
(starting from current fishing mortalities almost three times
lower than that of anchovy, Supplementary Table S1).
However, it did not benefit sardine, which feeds on smaller
plankton (mainly copepods and diatoms) and which
decreased in biomass in this first phase. Biomass of both

hake species also declined, and the large pelagics collapsed
quickly.

Phase 2: Although the biomass of anchovy kept decreasing, we
observed a shift in the ecosystem’s dynamics. For sardine and
hakes on one hand and redeye and horse mackerel on the
other hand, the dynamics in this second phase was opposite to
the one observed during the first phase. In this second phase,
the release of competition for zooplankton was not sufficient
to counter the still increasing fishing pressure, and biomasses
of both redeye and horse mackerel started declining. In the
meantime, the biomass of sardine and hakes increased as a re-
sult of predation and/or competition interactions. It is during
this hypothetical phase that multispecies yield reached its max-
imum value around 5 200 000 tons, which is around seven
times the mean annual total catch between 2000 and 2003
(A=1). At the end of the second phase, anchovy collapsed.
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To be compared with the indicator’s value when fishing effort is maintained at 2000-2003 levels (in grey).

e Phase 3: After the collapse of anchovy, the ecosystem reached
an equilibrium with age classes accessible to the fishery
completely depleted for all species.

The reference points at MMSY of the various ecosystem indica-
tors as well as their 95% confidence interval are presented in
Figure 6. As expected, the values of the reference points depended

on the fishing strategy under which MMSY was reached.
Moreover, for some indicators, we could not even provide a refer-
ence direction from the 2000-2003 situation (i.e. A=1) towards
MMSY that would be common to all scenarios. For instance, the
reference point at MMSY for the mean maximum length (MML)
was lower than its 2000—2003 value when only the hake trawl fish-
ery developed, whereas it was greater than the 2000-2003 value
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Table 2. Indicators that provide robust proxies for MMSY under
realistic fishing scenarios.

Indicators All Purse seine Hake trawl

B_Y
i
LFI20
LFI30
LFI40
LG

LS

MML
MTI3.25
MTI3.5
MTI3.75
MTI4.0
PF
$55100
$5560
B

TLL

TLS

The ones for which <10% of the values taken in the scenario is contained in
the 95% confidence interval of the reference point at MMSY are highlighted
in grey.

for the other scenarios. This highlights the fact that, although
those indicators were originally designed to decrease when fishing
pressure increases, they do not always behave that way. The only
indicators that showed a common reference direction in all three
strategies were LG, B.Y, MTI3.75, MTI4.0, TLS, and
$55100.

Again, the indicators that provided robust proxies for MMSY
depended on the strategy. The indicators that could be useful to
detect MMSY in each scenario are highlighted in Table 2. The
only indicator that provided robust reference levels in all three
strategies was the mean lifespan indicator LS.

Discussion

Just like the single-species MSY is attached to a fishing strategy
(e.g. depending on size of recruitment, seasonality, spatial distri-
bution of effort, etc.), results presented here confirmed our as-
sumption that MMSY is particular to a multispecies fishing
strategy (i.e. how fishing effort is distributed across species). As a
consequence, we showed that robust proxies for MMSY based on
ecosystem indicators could not be set without considering the
context under which MMSY is reached. However, in more than
93% of the simulated strategies, strategy-specific reference levels
for ecosystem indicators could be used to detect when MMSY
had been reached. In more than 88% of the cases, there were at
least two indicators that could be used as proxies for MMSY. In
these cases, a monitoring process based on several indicators
could increase the reliability of the assessment of the ecosystem
relative to MMSY.

Two approaches can be used to estimate reference points based
on the maximization of some utility function: constrained or
unconstrained optimization. Whereas the unconstrained ap-
proach only seeks to maximize a utility function, constrained op-
timization methods look at maximizing a utility function while
respecting other constraints. These other constraints can express
other objectives not accounted for in the utility function (e.g.

F. Briton et al.

maintaining all stocks above a limit biomass, maintaining biodi-
versity, ensuring minimum profits for the fishery, etc.) or reflect
inflexibilities in the system (e.g. as some species are sometimes
caught jointly, one might have to constraint ratios in fishing mor-
talities). Maximizing multispecies yield without constraints
would have given us the optimal combination of fishing mortal-
ities, whereas specifying how fishing mortalities are linked to each
other gave us an estimate of MMSY for a given multispecies fish-
ing strategy. Some authors have already stressed the inadequacy
of unconstrained optimizing solutions in complex systems where
different objectives often have to be traded off against each other
(Voss et al, 2014; Moffitt et al, 2016; Tromeur and Doyen,
2018). As put forward by Fogarty (2014), ecosystem-based man-
agement might be a matter of agreeing on a satisfactory solution
rather than looking for the optimal one, and this requires to as-
sess the performance of various management options regarding a
specified set of objectives.

We only studied reference points associated with MMSY, but
could reasonably expect similar conclusions under other manage-
ment objectives (e.g. conservation or economic objectives). The
situation may even be clearer cut when one attempts to identify
thresholds at the point of ecosystem collapse, such as is being
test-run under the IUCN red listing process for ecosystems (Keith
et al., 2013; Bland et al., 2018), and limit reference points for dif-
ferent ecological indicators that signal the thresholds beyond
which an ecosystem is considered to be in a degraded state, such
as was done in the IndiSeas project (Shin et al., 2010a).

Although one motivation of this work was that unreliable esti-
mations of catches might undermine the assessment of the eco-
system relative to the objective of maximizing sustainable catches,
we did not exclude catch-based indicators from our study alto-
gether. Our catch-based indicators did not rely on absolute values
of catches, but rather reflected the species contribution to total
catches or catches relative to biomass. Whether relative values of
catches are less biased than absolute values should be explored if
reference points on catch-based indicators are to be used as prox-
ies for MMSY.

Reference points at MMSY or at fishing levels under specific
management objectives could supplement the work that has al-
ready been carried out on indicator trends (Blanchard et al., 2010;
Coll et al, 2010, 2016). We would suggest that both approaches
(reference points and indicators trends) be given due attention as
the responses of indicators is not as straightforward as initially
thought. In particular, ecosystem indicators do not always decrease
with fishing pressure, as was found for some indicators under spe-
cific fishing strategies. An increase in trophic-based indicators with
fishing pressure is evident from research surveys (Shannon et al,
2014; Coll et al, 2016) and has been found for both trophic- and
size-based indicators under specific fishing strategies in some
modelling studies (Travers et al., 2006; Branch et al., 2010).

Apart from not decreasing with fishing pressure, some indica-
tors might also show a non-monotonic response to fishing pres-
sure. From our simulations, we noticed that the changes in slope
in the response curves of indicators were often dependent on
community shifts, some species taking advantage over others
from a certain exploitation level. It is because such shifts in indi-
cators’ slope might occur on the trajectory towards MMSY that
we strongly recommend considering indicator trends in addition
to targeted values.

We also noticed that under many fishing strategies, total
catches would not display the typical bell-shaped curve often

020z Atenuer go uo Jasn YINTH I Aq L51.225G/0.L02/L/9.Aoensqe-ajoie/swseol/wod dno ojwapese//:sdjy Woly papeojumoq



Reference levels of ecosystem indicators at MMSY

presented (Worm et al, 2009) but would instead reach a plateau
or only decrease very slowly once MMSY has been reached
(Supplementary Figure S2). The resilience of the ecosystem to
high fishing pressure in these particular scenarios could be
explained by several factors: (i) only fishing effort varied in our
simulations, not size selectivity of a fishery, for example, nor the
fishing spatial distribution, which in reality may allow some age
classes to be inaccessible to the fishery; (ii) modelled fishing strat-
egies did not include mesopelagic fish as a caught species, hence
preserving a potentially huge prey biomass fuelling the produc-
tion of exploited species; (iii) the high intrinsic model growth
rates of some species such as anchovy, sardine, and redeye; (iv)
the modelled fishing seasonality or age of recruitment to the fish-
ery allowed part of the populations to reproduce before being
fished. All these factors in addition to the multispecies interac-
tions and the high primary production of the system could favour
the persistence of modelled ecosystem biomass under certain fish-
ing scenarios, even at high fishing levels. This echos compensa-
tory response of harvested stocks that may arise when
interactions with the rest of the ecosystem are accounted for
(Walters et al., 2005). Because this was not the core issue of our
paper we here provide plausible explanations until further work
dedicated at properly identifying the mechanisms allowing such
resilience is undertaken.

Importantly, depending on the fishing strategy, different indi-
cators should be used to evaluate how far the ecosystem is from
MMSY (and hence from ecosystem overexploitation).
Furthermore, indicators such as LFI, MTI, or SSS responded dif-
ferently when calculated at different thresholds. This is an inter-
esting feature to consider as it can improve the performance of
these indicators in detecting when targets or limits are reached.
Therefore, we advise that preliminary model analyses specific to
the ecosystem and fishing strategy be carried out to capture the
variable robustness of indicator reference points.

Results from this study show that we can identify robust refer-
ence levels at MMSY for specific indicators. Whether our conclu-
sions hold when environmental variability comes into play
remains to be seen. Indeed, as the state of ecosystems is also
strongly driven by environmental factors (Cury and Shannon,
2004; Travers-Trolet et al., 2014b; Fu et al, 2015, 2018; Large
et al., 2015), higher uncertainty around indicator reference points
is likely to arise if interannual climate variability or trend is taken
into account. Model simulations run to test performance of eco-
logical indicators found that in general, IndiSeas-proposed indi-
cators were fairly good at responding to fishing pressure even
under environmental perturbations, although interpretation of
indicator trends required careful consideration of ecosystem char-
acteristics and fishing strategy (Shin et al., 2018). Nevertheless, it
seems feasible to produce ecosystem-specific, fishing-strategy-
specific subsets of indicators with carefully determined reference
levels to guide fishery management decisions.

Conclusion

When the estimation of catches is undermined by IUU fishing,
using other ecological indicators to monitor total catch (and eco-
system effects of that catch) may be a useful and interesting alter-
native to assess how far we are from maximizing sustainable
catches. By exploring a wide range of fishing strategies, we
showed that we are very likely to find at least a robust proxy for
MMSY using a set of ecosystem indicators. We also highlighted
that the set of ecosystem indicators potentially usable as warning
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signs that MMSY has been reached depends on the fishing strat-
egy, and may be fewer although perhaps less constrained in values
than indicators that are useful for detecting ecosystem collapse
(or severe degradation). Finally, for provision of efficient man-
agement tools to implement EBFM, the robustness to environ-
mental variability of such ecosystem-based reference levels at
MMSY remains to be assessed. To identify and refine reference
levels for the suite of ecological indicators examined here, exten-
sive model simulations are recommended of prospective fishing
strategies that are being/may be considered by managers in the
southern Benguela to maximize sustainable catches under various
climate scenarios.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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