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Abstract

A third of global fish stocks are overexploited and many are economically underperforming,
resulting in potential unrealized net economic benefits of USD 51 to 83 billion annually. How-
ever, this aggregate view, while useful for global policy discussion, may obscure the view for
those actors who engage at a regional level. Therefore, we develop a method to associate
large companies with their fishing operations and evaluate the biological sustainability of
these operations. We link current fish biomass levels and landings to the revenue streams
of the companies under study to compute potentially unrealized fisheries revenues and prof-
its at the level of individual firms. We illustrate our method using two case studies: anchoveta
(Engraulis ringens; Engraulidae) in Peru and menhaden in the USA (Brevoortia patronus
and B. tyrannus; Clupeidae). We demonstrate that both these fisheries could potentially
increase their revenues compared to the current levels of exploitation. We estimate the net
but unrealized fishery benefits for the companies under question. This information could be
useful to investors and business owners who might want to be aware of the actual fisheries
performance options of the companies they invest in.

1.1 Introduction

The marine fishing industry is currently failing to realize economic benefits estimated to be
between USD 51 and 83 billion annually [1-3]. These unrealized benefits are largely due

to stocks whose biomass has been reduced below levels that generate maximum sustainable
yields (MSY), which leads to their continued exploitation generating higher costs. While

some regions are experiencing a growth in fish catches due to rebuilding fish stocks [4], global
catches are declining at a rate of 1.2 million tonnes annually [5]. These current trends illustrate
the global picture of the state of the oceans, and point to the lost economic potential of capture
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fisheries. However, it also presents a major opportunity and incentives to rebuilding stocks
globally. Through strong rebuilding, the benefits of increased catches and lower costs of fishing
could outweigh short-term costs of temporarily reduced catches within a decade or so [2].

A major challenge to addressing these potentially unrealized profits at the global scale is the
opacity of seafood supply chains. Seafood is among the most highly traded food commodities
[6], but its supply chains often include illegal and unreported fish or fish that is mis-labelled
[7,8]. Thus, the stock-origin of much of the globally traded seafood supply is not readily ascer-
tainable. Unreported and especially illegal fisheries production can be implicated in unsustain-
able fisheries practices, and creates challenges for the proper management of resources.
Therefore, one major obstacle to separating sustainably and unsustainably caught seafood is
the lack of transparency and traceability in industry supply chains.

In response to concerns about overfishing and the lack of transparency, as well as the gen-
eral state of marine fisheries, many certification, ecolabeling and traceability schemes have
been proposed, each with their own criteria of what makes a fishery or aquaculture system
‘sustainable’. For fisheries, the largest ecocertification initiative is the Marine Stewardship
Council, which now covers 14% of reported global landings, and is aiming for 33% by 2030
[9]. However, this will require voluntary buy-in from the fishing companies involved, thus lim-
iting the scope of these certification schemes’ effectiveness on the industry outside their pro-
gram. In addition, the adequacy and enforcement of ecocertification criteria have come under
scrutiny [10,11]. For example, the Star Shrimper XXV is certified as a sustainable prawn fishing
vessel under the ‘Friend of the Sea’ criteria because it uses nets that reduce turtle bycatch; how-
ever, the vessel was detained for fishing in the Exclusive Economic Zone (EEZ) of Liberia with-
out an access agreement and while not using their selective fishing gear [12].

One alternative to ecocertification and labeling schemes is an external review that links fish-
ing practices of specific fish stocks to individual fishing companies, to better inform owners
and potential investors. To gain a better coverage of the fishery practices of the seafood indus-
try, we take this latter approach with regards to large seafood companies some of which are
already involved in other seafood sustainability initiatives outside ecocertification programs
[13]. Previous external reviews of fishing companies have demonstrated company links to ille-
gal fishing, in addition to human trafficking and other illicit practices [14]. Clearly there are
reputational and legal risks to these companies engaged in these activities, but here we focus
on the biological sustainability of the fisheries they are engaged in and its implications for their
economic returns.

Our objective is to link specifically identified fisheries stocks with declining catches to the
companies that are the key actors in those particular fisheries. Thereby, we aim to demonstrate
the potential economic losses, or unrealized revenues and profits, at the specific company level
from fisheries targeting overfished stocks, or not realizing the full potential benefits of cur-
rently lightly fished stocks.

We have developed an approach that attempts to help clarify the opaque environment that
characterizes many seafood supply chains. Through a diversity of methods, we characterize
current fishing practices of companies and relate a company’s products to the fishing grounds
and the fish stocks targeted. We then evaluate the changing revenue streams from these fisher-
ies due to changing fish populations and evaluate the fishery stock-status using established
catch-based indicators of stock health applicable to every fishery in the world. It is worth not-
ing that in current application, we explore linkages at the origins of the seafood supply chains
(i.e., fish in the ocean with the companies that catch them). However, this method could be
easily extended to processors and sellers downstream; hence encompasing complete seafood
supply chains. We acknowledge the uncertainties linked to the latter approach, although simi-
lar uncertainties exist in other stock assessment approaches. However, the data we use reflect a
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collection of industry, national, reconstructed, and peer-reviewed data that together create a
reasonably complete picture of these fisheries.

2.1 Methods

We developed a seven-step method to link any fishing company (including its revenues and
profits) with the fish resources that it exploits and their biological status (Fig 1). While we out-
line this here as a step-by-step process for clarity, in reality it can be iteratively reevaluated as
more information becomes available from different sources. In addition, there is often uncer-
tainty with regard to the actual resources companies exploit (i.e., which specific stock of which
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Fig 1. Schematic representation of method for linking fish stocks to company level fisheries revenues and unrealized profits.

https://doi.org/10.1371/journal.pone.0207768.g001
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specific species in which specific area), largely due to non-clarity in company reporting. The
steps we provide can be adapted, whether a specific set of resources or a specific company is
the focus of the study. Companies that are publicly traded on stock exchanges are more ame-
nable to this method, as they have legal requirements to disclose information for shareholders,
which makes assigning their landings generally more straightforward and less uncertain than
for private companies.

Step 1 is to choose a fishery of interest and to identify the companies that operate in the
fishery in question. This can be done through a broad search of company websites, annual
reports, securities filings, or other publicly available information. Alternatively, if the study is
focused on a specific fish wholesale company (or companies), then the first step is to identify
the fishery or fisheries from which they source their fish.

Step 2 is to identify the company’s fleet involved in this fishery. This step is needed if the
geographic area of the actual fishing activity is unknown or spread over a large area. For exam-
ple, tuna fishing companies often target tuna in different oceans or ocean areas, but their fleet
can be traced to the tuna RFMOs they participate in, or through vessel monitoring systems
(see Step 3 below). A company’s fleet information may be available on their company website,
through third-party verification and certification programs, or through available vessel
registries.

Step 3 is to identify or confirm the fishing area. Some companies report with greater speci-
ficity the areas they fish, while others do not. This can be overcome with vessel information if
these vessels can be linked to available Automatic Information System or Vessel Monitoring
System data (commonly referred to as AIS and VMS, respectively). If this is not possible, the
species bio-geographic extent (i.e., species range) would limit the fishing activity or whether
the vessels’ flag state has access to or has been observed fishing in certain areas (e.g., other
countries’ EEZs).

Step 4 is to confirm the fish species and stock being targeted by the company. If a company
targets many stocks of the same species, these are treated individually.

Step 5 is to gather relevant fisheries information on the stock in question, including bio-
mass, effort and landings data, ex-vessel prices and cost of fishing data. The sources of these
data may vary by the stock under study, but include national and regional level data wherever
available, and can be supplemented by reconstructed landings [5] and global coverage of the
ex-vessel value of fish and cost of fishing [15,16].

Step 6 uses published abundance, relative abundance (e.g., catch per unit effort (CPUE)),
and catch data as inputs into the Catch-MSY (CMSY) stock assessment method developed to
allow evaluation of any fish stock using a Bayesian Schaefer model (BSM) with priors and
available catch and biomass information [17,18]. The BSM model uses catch and abundance
data to predict values of r and k based on a priori known ranges of the current biomass. This
step can also be undertaken with any other stock assessment method, depending on the data-
poor or data-rich nature of the stock. However, we chose the highly versatile CMSY method
as the default, as it is a method that can easily be applied to all fish stocks around the world,
whether previously evaluated or not, and whether the stock and fishery in question is data-rich
or data-poor. The version used here has been updated [18] to address earlier challenges includ-
ing biases in the estimation of stock size and productivity. In addition, the CMSY method in
general performed well compared to other stock assessment methods [19]. The results of the
CMSY method can be used to model past or future stock biomass scenarios based on different
catch strategies to demonstrate the benefits of alternative fishing approaches on future bio-
mass, landings, and revenues. Modeling future scenarios incorporates additional uncertainty,
while modeling alternative past scenarios can demonstrate costs and benefits if alternative
strategies had been taken and can be used to inform present decisions.
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Our study uses the CMSY stock assessment model outputs of MSY as a theoretical bench-
mark to what these fisheries are measured against. We do not suggest that catches at MSY lev-
els should be constant, as fish stocks are subject to natural variability. In addition, MSY cannot
be achieved for all stocks in an ecosystem simultaneously due to predator-prey population
dynamics in ecosystems where fishing is occurring [20]. Also, MSY needs to be viewed as a
‘limit reference point’ rather than a ‘target reference point’ for fisheries management [21,22].
Management strategies must take this into account, primarily by aiming for levels of catch
below MSY and biomass levels above levels theoretically required to yield MSY (i.e., Bysy); or
by applying fishing mortality rates (F, estimated by dividing the catch by biomass in a given
time) lower than that which would yield MSY (i.e., F < Fygy). This ensures that healthy bio-
mass levels can be maintained within functioning marine ecosystems while potentially yielding
higher catches at sustainable levels (i.e., provided that current biomass levels are above Bysy
and/or that the current yield is below MSY). Through the scenario analysis component of this
method, different management strategies can be explored to maintain consistent high biomass
(at, or preferably above, Byigy), while providing higher fisheries yields. However, fisheries are
often required to be managed for MSY including in the United Nations Convention on the
Law of the Sea and the European Union’s Common Fisheries Policy [23,24]. Therefore, it is
important to test this method for MSY as a target as well as for more precautionary limits
including harvest control rules that use a fraction of MSY, commonly termed ‘pretty good
yield [25].

Step 7 uses the above information in conjunction with other company information to eval-
uate the company’s revenues, and if possible, profits. We estimated a company’s average land-
ings for the most recent five-year period for which information was accessible, based on a
company’s ownership of quota, or reported average landings in recent years. We determined a
simple estimation of potentially maximum unrealized revenues as determined by the differ-
ence between the average current landings and landings at MSY levels, assuming the propor-
tion for each company would remain the same. We expressed unrealized revenues at the
company level as related to unrealized ex-vessel value only (i.e., first point of sale, without
post-landing processing or value-adding). Finally, we converted unrealized revenues to unreal-
ized profits based on the average cost to catch a tonne of fish in that fishery and subtracting
potential costs from potential revenues.

Here, we demonstrate the applicability of this method with two case studies: the Peruvian
anchoveta (Engraulis ringens; Engraulidae), and the USA’s menhaden fisheries (Atlantic and
Gulf menhaden; Brevoortia tyrannus; Clupeidae and B. patronus; Clupeidae, respectively). We
also demonstrate a retrospective approach to scenario analysis from Step 6 for the more com-
plex scenario of the anchoveta fisheries. This involved modeling the potential landings, reve-
nues, and profits given alternative fishing mortality rates based on known previous changes.
We opted for a retrospective scenario analysis approach here due to the high environmental
and biological variability of the anchoveta stock which makes forecasts highly uncertain
[26,27]. This scenario analysis can be specified for different outcomes (e.g., higher biomass,
more consistent landings, higher revenues), and details on the alternative scenario for the
anchoveta fisheries can be found in section 2.2.1. The ex-vessel prices used were adjusted to
account for elasticity under higher or lower landings (see S1 Appendix).

2.2.1 Peruvian anchoveta case study

The Peruvian anchoveta (Engraulis ringens) has two distinct stocks: the North-Central, and the
smaller Southern stock, which is shared with Chile [28]. We focused here on the North-Central
stock and Peru’s catches from the Southern stock, as Peru contributes most of the world’s
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anchoveta landings [29]. These fisheries are undertaken solely with purse seines [30], with
industrial and semi-industrial vessels off Peru’s coast. In general, these fisheries have low by-
catch of other species and no interaction with the seabed. The major challenge for these fisher-
ies is the by-catch of juvenile anchoveta, which negatively affects population growth and hence
subsequent landings, and which leads to temporary closures, e.g., of the second 2016 fishing
season [31]. These fisheries are reduction fisheries, where virtually all the fisheries landings are
‘reduced’ to fishmeal and fish oil. Peruvian anchoveta was for most of the late 20™ century the
largest single species fishery in the world with catches exceeding 16 million tonnes for a few
years [32,33]. However, the returns of this fishery are highly variable and are influenced
strongly by the El Nifio and La Nifia oceanographic oscillation [27,34,35].

We limited our analysis to the seven largest anchoveta fishing companies in Peru over the
2011-2015 period. We determined vessel ownership through Peru’s Ministerio de la Produc-
cion (PRODUCE) [30]. As the Peruvian fishery occurs solely within Peru’s EEZ, it was not nec-
essary to confirm vessel-level spatial fishing activity through external sources. We determined
company level landings through current fishing quotas allocated to vessels (Table 1), and we
assumed all companies captured their quota share of the actual landings in each year. We
tested the validity of this assumption against actual proportions of landings over the study
period and found no difference in results (see below). We evaluated the catch, abundance data,
and biological priors using the CMSY method [18]. Catch and abundance data by season were
accessed from Peru’s fisheries management organizations PRODUCE and Instituto del Mar de
Perii (IMARPE) [36]. The Southern stock, which is shared with Chile, was modeled using
reconstructed fisheries catches from Peru and Chile [37,38], and biomass data from Fish-
Source [39] as a relative indicator of abundance. The catches were annually distributed
between Peru and Chile based on each country’s known proportional contribution to the total
anchoveta catch reported within the stock’s geographical extent. The intrinsic rate of growth
parameter (r) for use in the CMSY calculations was obtained from FishBase [40] for Peruvian
anchoveta using two standard deviations from the mean as the lower and upper bound esti-
mates (1.36-3.17 year™'). We evaluated the actual average landings by company from 2011-
2015 against the estimated company landings when landings are modeled under the scenario
analysis (see below). We used the most recent ex-vessel price available for Peru’s anchoveta
fishery of $134 USD-tonne ™" based on the landed value of the anchoveta fishery [41]. The cost
of fishing was aggregated based on cost and production amount of the two main Peruvian

Table 1. Fishing quota for Peruvian anchoveta and fleet size by company in Peru during 2011-2015.

Company North-Central stock quota Southern stock quota Estimated 2015 landings Estimated 2015 revenue
(%) (%) (10° 1) (USD 10°)

Tecnologica De Alimentos S.A. 14 17 524 70
Corporacion Pesquera Inca S.A. 11 3 368 49

c?

Pesquera Diamante S.A. 9 8 309 41
Austral Group S.A.A 7 4 241 32
CFG Investment S.A.C.> 6 11 237 32
Pesquera Exalmar S.A.A. 7 5 236 32
Pesquera Hayduk S.A. 6 3 225 30

" [30]

% We present Corporacion Pesquera Inca S.A.C. and CFG Investment S.A.C. separately here, as they were not under the same ownership for the entire study period of
2011-2015.

https://doi.org/10.1371/journal.pone.0207768.t001
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pelagic fleets (steel and wooden purse seiners), which land almost all of their landings for
reduction [S1 Table, 27].

We used the biological parameters estimated by the BSM and CMSY method (biomass,
intrinsic rate of growth (r), carrying capacity (k), and Fysy) to model an alternative scenario
over the most recent 15-year period. We then modified the r parameter to account for recruit-
ment anomalies, which are common in the Humboldt Current ecosystem [42,43]. This modifi-
cation was done by minimizing the sum of squared deviations between the CMSY estimated
output and the scenario-predicted biomass given the surplus-production function [22,44] by
modifying the r value each year. This allowed us to estimate biomass and landings under alter-
native fishing scenarios.

We estimated the target biomass of fish to be excluded from the fishing mortality as is done
for the management of the anchoveta stock, hereafter referred to as the biomass reference
point [45]. This was done using the Fysy output of the model as a constant. The baseline sce-
nario was defined as the observed biomass and catches from 2000-2015. The first alternative
scenario (hereafter referred to as the Optimized F scenario) was to optimize fishing mortality
(F; restricted to be below Fysy model output) to achieve a higher or equal biomass one year
after the time series than present, higher average biomass than under the baseline scenario,
and to maximize the difference between the landings over the time period. Fysy was set as an
upper limit as this ensures a more conservative approach where Fyisy can only be achieved in
years with biomass equal to or above Bysy. All optimization scenarios were estimated using
Microsoft Excel’s Solver function using the generalized reduced gradient nonlinear solution
method. Once the alternative scenario was complete, we re-modeled with the current policy to
apply fishing mortality obeying a biological reference point, and without this restriction. The
second alternative scenario (hereafter defined as (‘pretty good yield” [PGY]) applied an alterna-
tive precautionary harvest control rule of catching MSY-0.91 when B>Bysy and linearly
adjusting catches downwards until B = 0.5 BMSY where catches are reduced to zero [46].

2.2.2 Menhaden case study

Another major, although much smaller, reduction fishery is for Atlantic (Brevoortia tyrannus)
and Gulf menhaden (B. patronus) in the Southeastern USA. There, menhaden play an impor-
tant role in ecosystems as a forage fish species, i.e., a major source of food for higher-trophic
level organisms [47,48]. The fisheries for these two species are managed at a regional level

by the Atlantic and Gulf States Marine Fisheries Commissions (ASMFC and GSMFC,
respectively).

Omega Protein (owned by Cooke Aquaculture) takes over 75% of all Atlantic menhaden
landings [49] and jointly, Omega Protein Corporation and Daybrook Fisheries (owned by the
Oceana Group) are the major fishing companies for Gulf menhaden. These companies operate
in federal- and state-controlled waters of the USA and are thus subject to the regulations of the
ASFMC and GSMEFC. These two species are fished exclusively with purse seines when caught
by reduction fisheries [50], and have very low rates of by-catch and discards [51]. If considered
together, the menhaden fisheries are the second largest fishery in US waters by tonnage [50],
even though they are much smaller than in the past [52].

We determined company vessel ownership through company reports [53] and third-party
sources [54,55]. Landings data were obtained from the National Marine Fisheries Service
using taxon identifier ‘Menhaden’ separated by Atlantic and Gulf regions [50]. Minor landings
of other menhaden species (i.e., B. gunteri and B. smithi) may be included in the data from the
National Marine Fisheries Service, but are unlikely to influence the general pattern observed.
Catch per unit effort data were used as an indicator of relative abundance. CPUE data were
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obtained from each stock’s most recent stock assessment [47,48]. The intrinsic rate of growth
parameter (r) was obtained from FishBase [40] using two standard deviations from the mean
as the lower and upper bound estimates for Atlantic and Gulf menhaden (0.43-1.16 and 0.32-
1.38 year ™', respectively). The landings, CPUE, and biological priors were used in the BSM and
CMSY method [18]. The most recent ex-vessel prices were used from the National Marine
Fisheries Service [50]. The cost of fishing was based on Atlantic menhaden, taking total costs
of their operations minus processing plant labor costs (S1 Table) [56]. While this may slightly
overestimate the cost per tonne of catch, it kept our estimates of potential profits conservative
and thus this estimation was used for both Atlantic and Gulf menhaden.

As there are only two companies that fish Gulf menhaden, their actual individual landings
are obscured by privacy laws [57]. However, separating their catch by known catch propor-
tions reported by each company was possible based on landings by area and company reports
[49,53,58].

3. Results
3.1 Peruvian anchoveta

We estimated that the current biomass levels of Peruvian anchoveta -of both stocks- were
below that which would potentially yield MSY (Fig 2), suggesting that the stocks are in a
depleted state (B < Byisy). However, recent levels of fishing mortality rates are below the fish-
ing mortality at MSY (F < Fysy), signaling that overfishing was not occurring (Fig 2).

North-Central stock Southern stock
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Fig 2. Fishing mortality (F/Fysy), biomass (B/Bysy), and fisheries revenues for the North-Central and Southern
Peruvian anchoveta stocks under baseline, Optimized F (Opt-F) and pretty good yield (PGY) scenarios.

https://doi.org/10.1371/journal.pone.0207768.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0207768 November 20, 2018 8/20


https://doi.org/10.1371/journal.pone.0207768.g002
https://doi.org/10.1371/journal.pone.0207768

o @
@ ’ PLOS ‘ ONE Company level fishing revenue and profit losses from fisheries

Table 2. Average biomass and landings outputs (10° t) of the scenario analysis for North-Central and Southern anchoveta stocks of Peru.

Scenario (Biomass)?> North-Central North-Central North-Central South! South! South!
Baseline Optimized-F (807)* PGY (807)* Baseline Optimized-F (0)* PGY
Years Biomass | Landings | Biomass | Landings | Biomass | Landings | Biomass | Landings | Biomass | Landings | Biomass | Landings
2000-2005 10,319 7,093 10,654 6,380 11,597 5,589 3,133 940 3,009 817 3,351 749
2006-2010 8,742 4,744 10,444 5,602 11,883 5,713 2,281 939 3,050 981 3,800 916
2011-2015 8,711 3,880 9,781 4,158 8,709 4,330 1,873 509 2,926 563 3,440 532
Mean (10° t) 9,324 5,355 10,315 5,443 10,784 5,234 2,473 805 2,996 789 3,519 733
Coefficient of Variation (%) 10.5 36.0 13.9 26.3 19.0 16.9 24.8 57.0 11.0 33.3 11.7 31.2
95% CI (10> t) 482 946 705 702 1,003 433 301 225 162 129 202 112

! The Southern stock biomass refers to the whole stock which is shared with Chile, but the landings reflect only Peru’s landings of the Southern stock as this is the focus
of this study.
% The number in brackets refers to the biomass (10° t) reference point, i.e. the biomass not subject to fishing mortality each year for the scenarios as established based on

the scenario analysis methods

https://doi.org/10.1371/journal.pone.0207768.t1002

While the anchoveta stocks are naturally volatile in their biomass (due to sensitivity to
highly variable oceanographic conditions), ensuring the stocks remain at higher biomass levels
(i.e., biomass levels that could theoretically provide MSY) could have increased yields for the
most recent period (Fig 2, Table 2, and S2 Table). Average annual landings over the 2011-2015
period modelled here under the hypothetical, optimized-F scenario could have increased from
3.88 million tonnes to 4.16 million tonnes (+ 940,000 tonnes) for the North-Central stock, and
from 509,000 tonnes to 563,000 tonnes (+ 58,000 tonnes) for the Southern stock. Overall, the
average landings over the 2011-2015 period could have been increased by about 330,000
t-year ", In this scenario, the North-Central stock would be responsible for 60% of the total
potential increase in landings, although its productivity would only increase by 7%. The appli-
cation of the optimized-F fishing strategy on the shared stock could increase total landings by
47% in 2015.

In reality, landings were lower due to the stocks being in depleted states, which even
prompted the shortening of several fishing seasons in recent years (S2 Table). The landings
under the Optimized-F scenario oscillate between being higher and lower than the realized
landings in each year, but on average are higher for the North-Central stock, and could have
been achieved with a higher and more stable biomass than observed in reality for both stocks
(Table 2).

The benefits highlighted above in the most recent period are driven by reducing fishing
mortality to at or below Fysy over the period of 2000-2010 leading to higher and more stable
biomass. This can be achieved while keeping average landings over these 11 years nearly iden-
tical, although in most years the catches would have to be lower than they were under the base-
line scenario (S2 Table). With a more conservative harvest control rule (PGY), the average
landings in the first 6 years are much lower than the baseline (5,589 compared to 7,093 thou-
sand tonnes), but are also higher for both of the following 5 year periods in the North-Central
stock (Table 2). These lower catches for the first 10 years would translate into lower fisheries
revenues for the companies targeting these stocks, although the result under either of the alter-
native strategies (Fysy or PGY) leads to higher and more consistent biomass and landings.

The seven largest companies involved in the anchoveta fishery in Peru control about 60% of
the quota for the North-Central stock, and about 50% of the Peruvian share of the Southern
stock (Table 1). The average unrealized potential revenues per company (depending on
their quota share) ranged between USD 3.0 million and USD 9.1 million (Table 3). When
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Table 3. Average attained landings for the top seven companies for 2011-2015 (10 t; accounting for 57% of landings in Peru), scenario landings (10* t) and their
impact on revenue and profits (USD 10°) for Fy;sy and PGY scenarios.

Scenario Company Landings' |Scenario landings® | Unrealized revenue | Cost of landings shortfall | Unrealized profits
Fupmsy Scenario | Tecnologica de Alimentos S.A. 616 685 9.14 6.93 2.20
Corporacion Pesquera Inca S.A.C. 429 464 4.64 3.51 1.13
Pesquera Diamante S.A. 363 401 5.07 3.84 1.22
Austral Group S.A.A. 282 307 3.41 2.58 0.83
Pesquera Exalmar S.A.A. 277 303 3.49 2.64 0.84
Pesquera Hayduk S.A. 262 285 3.01 2.28 0.73
CFG Investment S.A.C. 280 317 4.87 3.70 1.17
PGY Scenario | Tecnologica de Alimentos S.A. 616 704 11.64 8.85 2.78
Corporacion Pesquera Inca S.A.C. 429 481 6.94 5.27 1.67
Pesquera Diamante S.A. 363 413 6.64 5.05 1.59
Austral Group S.A.A. 282 318 4.80 3.65 1.15
Pesquera Exalmar S.A.A. 277 313 4.81 3.66 1.15
Pesquera Hayduk S.A. 262 295 4.36 3.32 1.05
CFG Investment S.A.C. 280 324 5.78 4.40 1.38

! See S2 Table for estimated company landings

% Optimized-F landings are generated by optimizing the biomass reference point, and fishing at Fy;gy when B >_Bysy

https://doi.org/10.1371/journal.pone.0207768.t003

accounting for the additional cost of fishing if catches could have been taken to MSY, the total
unrealized potential profit would have been approximately USD 8 million. We compared the
results whether we use current quota percentage (S3 Table) or historical landings proportions
to assign landings to companies, and the difference in results were minor (54 Table).

Another outcome of the scenario analysis was the potential decrease in inter-annual vari-
ability under the Fysy strategy. Under the Optimized-F scenario (i.e., fishing at Fyisy when
B > Bysy), the coefficient of variation (a measure of the relative variability, calculated as the
standard deviation divided by the mean times 100) for potential landings decreases for both
stocks, suggesting reduced inter-annual variability. While the potential increase in landings
was modest, the biomass of both stocks would be at higher average levels and the variability in
landings would likely be lower or similar for the Northern stock, thus implying more consis-
tent landings and revenue for fishing companies.

The costs and benefits of rebuilding the Southern stock are not equally shared by Peru and
Chile. Optimized-F Chilean anchoveta landings corresponding to the shared stock increased
in both periods (2000-2010, and 2011-2015) and at much higher rates than they did in Peru
(Table 4). The losses from rebuilding during the first ten years are not compensated for over
the whole period although the most recent landings are higher on average.

3.2 Menhaden

The most recent landings included in this study (2012-2016) for Atlantic and Gulf menhaden
were at levels below the estimated MSY (Table 5 and S4 Table). In addition, the biomass of

Table 4. Peru and Chile’s average actual and modeled landings (10* t) of the shared Southern Peru/Northern Chile stock over two time periods.

Years
2000-2010
2011-2015

https://doi.org/10.1371/journal.pone.0207768.1004

Peru
940
509

Actual

Optimized-F PGY
Chile Peru Chile Peru Chile
790 892 825 825 772
1,006 563 1,177 532 1,079
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Table 5. Realized landings (10% t), MSY (10° t), and catch-based indicators of stock status for Atlantic and Gulf menhaden.

Menhaden stock 2015 Landingsl MSY? B/Bumsy” F/Fusy”

Atlantic 201 340 1.38 0.278
Gulf 539 698 1.18 0.500
L(50]

*CMSY model output

https://doi.org/10.1371/journal.pone.0207768.t005

Table 6. Major menhaden fishing companies in the United States of America.

Company Menhaden stock
Daybrook Fisheries Gulf

Omega Protein Gulf

Omega Protein Atlantic

https://doi.org/10.1371/journal.pone.0207768.t006

Landings (%) Estimated 2016 landings (10%t) Estimated 2016 revenue ($ 10°) Source
~40.0 194 50 (53], [58]
48.5 235 60 [49]
76.8 144 29 [49]

Table 7. Average landings (10> t), potential MSY (10 t), and associated unrealized revenues (USD 10°) for menhaden by the major fishing companies in the USA.

Scenario Company Menhaden | Mean landings' (2012-2016) | Potential landings | Unrealized revenue | Fishing cost at MSY | Unrealized profits
MSY | Daybrook Fisheries Gulf 188 279 22.58 16.20 6.38
Omega Protein Gulf 228 338 27.37 19.64 7.74
Omega Protein Atlantic 147 262 22.09 20.39 1.70
PGY | Daybrook Fisheries Gulf 188 254 16.36 11.74 4.62
Omega Protein Gulf 228 308 19.83 14.23 5.61
Omega Protein Atlantic 147 238 17.56 16.20 1.36

! See S2 Table for estimated company landings

https://doi.org/10.1371/journal.pone.0207768.t007

each stock was estimated as being above Bysy (B > Bysy) and the fishing mortality was below
Fusy (F < Fysy) according to our model results (Table 5). Therefore, the stocks appear neither
overfished nor being overfished.

Omega Protein and Daybrook Fisheries account for the bulk of all menhaden landings in
the USA (Table 6). The total revenue of these two fisheries was approximately USD 140 million
annually. However, landings were below MSY, and if increased to the theoretical MSY level
could potentially increase economic returns from the fishery (Table 7). The cumulative unreal-
ized potential revenue (USD 72 million) for these two companies (Table 7) was around 50% of
the current total fisheries revenues (USD 140 million; Table 6). In addition, when accounting
for potential fishing costs for these unrealized landings as well as the lower ex-vessel price
given the elasticity (see S1 Appendix), there were unrealized potential profits of around USD
15 million. The findings were similar for the PGY scenario although somewhat lower due to
the lower yields when the stock is in a healthy state as it is at present. Even with these precau-
tionary limits, the fishery could have additional revenues of over 50 USD annually and profits
of around 12 million USD annually.

4. Discussion
4.1 Overall

Here, we were able to apply this method to two large case studies and the nine major compa-
nies involved in their exploitation. The total potentially unrealized annual profits for the two
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case studies presented here are USD 8 million for the Peruvian anchoveta and nearly USD 16
million for the US menhaden fisheries. These unrealized profits are based on the assumption
that these fisheries can be managed to maintain biomass levels equal to or larger than required
to produce MSY (Byssy) on an ongoing basis, and fisheries yield can be at MSY or Fy;sy when
biomass is below Bysy. For clarity and simplicity, we demonstrated these potential unrealized
benefits for two low-value fisheries, with high landings, and heavily concentrated fishing com-
pany actors. The biomass of the anchoveta stocks are below levels that optimize or maximize
potential catches (i.e., Bysy levels), and thus would benefit from stock rebuilding. In contrast,
the menhaden stocks are at healthy biomass levels with regards to estimated MSY, and there is
thus flexibility for carefully increased catch, revenue and profits. These unrealized revenues
and profits can motivate stakeholders at different levels in the fisheries sector, including inves-
tors in these companies, due to the unrealized potential benefits originating from suboptimal
levels of fisheries stocks. In addition, fisheries with healthy biomass levels are more likely to
qualify for eco-certification programs [59] that may receive a price premium [60] giving an
extra incentive for these companies.

While the present study has focused our approach on fisheries examples where the stock
biomass is lower (anchoveta) or higher than By;sy (menhadens), there is also the extreme case
of overfishing leading to collapsed stocks. While not fitting the strict economic definition of
‘stranded assets’, where assets must be subject to regulatory or legislative changes rather than
biological changes [61], fish stocks that collapse are indeed a form of ‘lost” or unusable assets.
For companies invested in such heavily overfished or even collapsed stocks that are then likely
subject to more stringent limitations of fishing pressure, these fish stocks represent a form of
stranded assets whose values to the companies are reduced [61]. When quotas for stocks can-
not be realized due to low biomass of the fish stock, the owner’s resource rents are reduced to
zero. However, even without fishing and resource rents being reduced to zero, continued fish-
ing of stocks in a suboptimal state reduces long-term revenues. Thus, the concept of stranded
assets can be extended to where overexploitation reduces the value of fisheries assets margin-
ally or completely.

The scenario analysis of the anchoveta fisheries conducted here, comparing the Optimized-
F scenario and the PGY scenario to the baseline scenario of actual fisheries and stock condi-
tions illustrated differences in landings and revenues under different management scenarios.
While we were able to demonstrate potentially more optimal fishing mortality rates to maxi-
mize these differences in the Optimize-F scenario, it is somewhat unrealistic for fisheries man-
agers as they operate in an environment of imperfect information. However, the PGY scenario
often had similar results with clear rules that can be operated on given knowledge about the
status of the stock. The catch and revenue difference can be substantial over the time period
analyzed, but on an annual basis are quite comparable for the Northern stock. Thus, it demon-
strates the current high performance of the managers to maximize anchoveta yields and
revenues of this fishery even though they could be higher if B > Bjsy as in the case of the men-
haden fisheries.

We compared current and past landings to landings under modeled scenarios that rebuild
the stocks with either optimal fishing mortality rates or a precautionary harvest control rule
(0.91-MSY). It is important to recognize that multiple fisheries on a variety of species in the
same area cannot achieve MSY simultaneously for all species due to ecosystem interactions
[20]. It is thus important to retain a precautionary approach and not maximize landings (in
terms of MSY) and ignore the ecological function that species fill in their ecosystem [62]. The
PGY scenario models this more closely to reality as there is a precautionary limit placed on
MSY with reductions for when the stock is below Bysy. Our example for anchoveta would
eventually lead to increased landings and revenues, but only after having increased biomass
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and decreased annual variability in biomass. Our case study for Gulf menhaden was informed
by the GSFMC that incorporates menhaden’s role as a forage fish into their fishing limits [48].

Both case studies demonstrated the benefits of rebuilding fisheries stocks at the scale of
individual companies acting in these fisheries. In the case of the anchoveta, currently unreal-
ized benefits could only be attained after rebuilding the stock biomass to levels above Bysy,
while the menhaden fishery with healthy biomass levels illustrated the ready availability for
increased landings and profit potential, should appropriate economic drivers emerge such as
increased prices for fishmeal or lower costs of fishing. It may be helpful to quantify potentially
unrealized benefits at different scales and to express them in units relevant to the different
stakeholders in the fisheries sector and beyond. Not only could it be important to those actors
directly involved, such as company owners, shareholders and investors, but also to other
important stakeholders such as governments that face foregone tax revenue or licensing fees
due to overfished stocks or by not optimizing potential benefits of their natural resources.
Unfortunately, governments far too often support fisheries well past the point of being eco-
nomically profitable within ecologically sustainable limits through extensive harmful subsidies
[63,64].

4.2 Anchoveta

The anchoveta stocks are still in a depleted state. This is partially due to overfishing, particu-
larly in the Southern stock, but also due to fluctuations driven by El Nifio and La Nifa events,
and increasing variability due to climate change [34,65]. Our findings generally concur with
the latest numbers of the national stock assessments conducted by PRODUCE and Chile’s
Instituto de Fomento Pesquero [36,39]. The large differences in the modeled scenarios’ land-
ings for the Southern stock are due to the current low biomass of leading to lower catches over
the earlier years, whereas, the North-Central stock is fished close to the level in the Optimized-
F and PGY scenarios proposed here. The North-Central stock’s biomass declined recently in
the observed and modeled scenarios due to strong recruitment anomalies caused by recent El
Nifio and La Nifia events [39,66]. Both anchoveta stocks could have delivered higher landings
in the past if biomass levels would have been maintained at higher levels by pro-active manage-
ment action. Increasing the anchoveta biomass by reducing fishing mortality rates to levels at
or below Fygy or instituting a precautionary limit on MSY (see Methods for further details)
could benefit these fishing companies in the future.

However, it is important to highlight that rebuilding the stocks has a cost. The proposed
theoretical MSY strategy generated losses in the earlier years of its implementation, particu-
larly in the Southern stock (Fig 2). This shows that rebuilding the shared stock has an initial
cost for Peruvian companies, but they benefit from the increased (and likely more stable)
landings that result from a stock with higher average biomass in the later period (i.e., in the
medium-term: after 10 years). Reported landings in Peru were higher than the scenarios’ land-
ings for those initial years because the model restricted the higher levels of fishing to prevent
overfishing the stock (F > Fygy). Thus, the current low landings reported by Peru in the
Southern stock are likely due to continued overfishing by both countries pressuring the stock
into a depleted state (Fig 2).

Recent landings of anchoveta have been volatile (S2 and S3 Tables), although they were much
more variable historically, particularly in the 1970s and 1980s. The current management regime
based on individual transferrable quotas (ITQ) has the potential to improve the state of the
anchoveta resource and fisheries over time [67], as long as the high data and assessment require-
ments for ITQ systems are maintained and management action is swift and proactive with
regards to setting and adjusting annual allowable catch limits [68]. However, environmental
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fluctuations and the large effect of El Niflo and La Nifa events may continue to have negative
repercussions for this industry [34]. Based on current fishing exploitation [36,69], there could be
greater benefits realized in terms of higher landings and higher economic returns if biomass lev-
els were to be increased and maintained at higher levels based on our estimates of By;sy. A con-
stant MSY does not optimize yields of this fishery due to the high variation in stock sizes [70],
but policies that optimize and adjust fishing mortality rates annually based on overall higher bio-
mass levels have the potential to achieve higher landings and thus revenues.

It is particularly important to highlight that the unrealized potential benefits of the indus-
trial anchoveta fishery could be much higher if alternative uses for the landings were consid-
ered, namely direct human consumption rather than reduction [30,35]. Based on local value-
chain multipliers [30] and the reported landings of anchoveta in 2013, a transition from the
current use scheme (reduction) to a scenario were all landings were used by the canning indus-
try for direct human consumption would result in up to 20% increases in net profits, a near
doubling of employment, and an additional 700,000 tonnes a year of seafood for the human
consumption market, while decreasing fishmeal production by half [35]. However, this reduc-
tion of fishmeal production from one of the largest supplies would obviously have negative
effects for fishmeal intensive forms of aquaculture.

The Southern stock of anchoveta is expected to shift its distribution further south due to cli-
mate change where the catches will no longer be available in Peru’s EEZ [71]. This means the
share of this stock available to Peruvian companies will likely decline in the long-term, but our
results show that these companies can benefit in the short to medium term (5-15+ years) from
reducing fishing pressure and rebuilding the stock. The current overfished state of the stock is
having negative repercussions for fishing companies in Peru and Chile, and the stocks being
rebuilt could deliver higher landings and revenues in the future. While Chile is expected to
have larger fisheries landings and revenues under the modeled scenario and into the future,
this does not preclude Peru from cooperating in an agreement to rebuild the Southern stock.
The short-term costs borne by Peru combined with the majority of benefits being derived by
Chile could explain why Peruvian companies have been reluctant to support joint manage-
ment of the shared stock. Finally, although not considered here, the bulk (~90%) of Chile’s
landings of the shared stock is caught by a single company that could benefit considerably
from the rebuilding strategies modeled here.

4.3 Menhaden

The CMSY stock assessment method used here was in agreement with other published assess-
ments on these stocks that biomass levels are above those potentially supporting MSY level
catches and fishing mortalities are below MSY levels [47,48]. These results of potentially higher
landings for MSY must be qualified as they are based on a single stock and do not consider the
important ecosystem implications of menhaden [47,48]. Thus, current fisheries pressures on
these stocks should be considered more precautionary and in-line with ecosystem consider-
ations in fisheries than any attempts to maximize landings and economic returns via fishing at
MSY.

For Gulf menhaden, the responsible fisheries management agency (Gulf States Marine Fish-
eries Commission, GSMFC) increased the catch target reference point by over 70% to 829,737
t-year ' [72], even after accounting for the important ecosystem role of menhaden under eco-
system-based fisheries management [48]. However, only around 436,000 t are expected to be
caught [73]. There are four likely explanations for the continuing lower actual fishing levels: 1)
the demand for menhaden fishmeal is not high enough to encourage heavier fishing; ii) the
increases in fishing costs past a certain level of catch makes it less profitable to continue
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fishing, iii) the price negatively responds to an increased supply, which makes it more profit-
able to stop fishing early, or iv) a conservative rate of exploitation given broader ecosystem
concerns. We demonstrated that increased supply does cause the ex-vessel price to decrease,
but it was highly inelastic (see S1 Appendix). If the total of the catch reference point proposed
by the management agency were to be realized, Omega Protein’s theoretical unrealized maxi-
mized proportion could reach over 400,000 t-year™', and Daybrook Fisheries’ over 330,000
t-year. These increased catches are above our estimates generated by the CMSY method
(Table 7), and the difference in catches is attributed to a lower estimate of MSY from our
model that could be driven by differences in input parameters.

While our results suggest that landings could be increased to achieve higher yields (i.e., to
theoretical MSY levels), this may negatively affect profitability because of increased fishing
costs. In addition, the importance of precautionary ecosystem-based management should limit
future catches of menhaden in both ecosystems to ensure enough biomass remains for higher
level predators. This is especially important if the current baseline data being used is not truly
reflective of long-term historical baselines, which have largely been forgotten [74]. In addition,
there are other important fisheries in the ecosystem, and there is evidence that previous fishing
of menhaden has negatively impacted other species and their fisheries, including the striped
bass recreational fishery [75].

4.4 Limitations

A limitation of the research presented here is that it does not consider the trade-offs these
companies may be making with higher levels of fishing. A higher level of biomass in the eco-
system does have unambiguous positive effects. Although the three species and four stocks
included in this study are all forage fish and thus represent an important part of their respec-
tive ecosystems as major food item for higher predators, these predators can also increase or
decrease the populations of their prey due to their own changes in abundance. Alternatively,
higher levels of fishing on these forage fish may reduce populations of other species, which
may negatively influence fisheries or the populations of non-targeted species. Such broader
ecosystem effects need to be considered carefully and precautionary in ecosystem-based man-
agement of fisheries.

Some of the data needed for this study were not readily available or are subject to continu-
ally changing conditions. This study represents a snapshot in time and extrapolated the values
at present (such as percentage of quota held by a company’s vessels) to try and understand
how changing conditions could affect these companies. We sought to minimize parameter and
structural uncertainties in our method by relying on the best available data from a diversity of
sources. However, some assumptions had to be made to distribute landings (such as company
reported landings for menhaden in the Gulf and Atlantic fisheries) and thus revenues to com-
panies. We used a conservative price-elasticity estimated for the menhaden fisheries to qualify
future revenues subject to potential increases in landings. Regardless, the examples presented
here are a first application of a method that can continue to be improved upon with additional
estimates and data.

Future research should focus on applying this method to a wider range of fisheries and
companies, including severely data limited cases, as may be the case in developing countries.
The ability to perform this analysis in data limited cases will vary, but the several public and
global databases described in the methods should allow at least a coarse idea of the benefits
and costs of rebuilding fisheries. In addition, it would be valuable to include additional dimen-
sions to improve the financial analysis, including price-effects of increased supply and relevant
costs of fishing at different fishing effort levels [76]. Also, it is important to consider if there
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are other costs associated with reductions in fisheries effort and catches [2] and how these may
affect individual fisheries. Finally, alternative uses, from canning for direct human consump-
tion to Omega-3 production for the pharmaceutical industry, as well as the importance of the
ecological role played by the target species (e.g., forage fish, predator), should also be consid-
ered when assessing the potential unrealized benefits of a fishery at company level, as compa-
nies might have interests in multiple end-uses and target various species within the same
ecosystem.

5. Conclusion

We present a method for relating a company’s fisheries quotas and landings from the stocks
they exploit to potential unrealized revenues and profits due to sub-optimal stock biomass and
landings. We believe this approach can be used both at an aggregate level and at a micro level
to analyze the state of fisheries stocks and the effects on balance sheets of fishing companies.
This method imposes traceability on companies by piecing together these disparate parts,
rather than wait for voluntary measures to be adopted. This is an important step to be taken to
advance transparency in seafood supply chains.
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