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Resumen.- Las pesquerías de pelágicos menores se han caracterizado por sus grandes fluctuaciones en abundancia, debido a
factores ambientales, regímenes de captura, patrones de reproducción, entre otros. Dada esta complejidad, el desarrollo de
esquemas de manejo para la pesquería de sardina requiere de la evaluación del impacto de diferentes estrategias de manejo,
considerando la incertidumbre asociada con el comportamiento biológico de los recursos y el rendimiento económico de las
pesquerías. Una forma de predecir dichos cambios en la abundancia, es a través de procesos de simulación bajo diferentes
escenarios. En este estudio, se usó un modelo bioeconómico dinámico estructurado por edad de la pesquería de sardina del
Pacífico (Sardinops sagax) de la península de Baja California en México para evaluar el efecto de cambios en el reclutamiento
sobre diferentes variables de estado (biomasa, valor presente neto y captura). Se consideró riesgo e incertidumbre asociada a
parámetros sensibles (mortalidad natural, precio y capturabilidad). Se empleó el enfoque precautorio para evaluar la respuesta
de los responsables de tomar decisiones con diferente actitud al riesgo (adverso, neutral y buscador de riesgo) bajo diferentes
escenarios, desde acceso abierto hasta restricciones en el esfuerzo pesquero. Los resultados mostraron que las estrategias de
manejo que involucraron restricciones en el esfuerzo pesquero resultaron en una baja probabilidad (0-7, expresado en porcentaje)
de exceder los puntos de referencia límite (PRL) comparado con aquellas bajo condiciones de acceso abierto o captura en
rendimiento máximo sostenible (RMS) y cuotas de captura (13-60%). El análisis enfatiza las ventajas de utilizar un enfoque que
incorpore el riesgo y la incertidumbre para la generación de estrategias de manejo de las pesquerías pelágicas con alta exposición
a condiciones inciertas.

Palabras clave: Puntos de referencia bioeconómico, manejo precautorio, sardina del Pacífico, riesgo, incertidumbre

Abstract.- Small pelagic fisheries have been characterized by large fluctuations in abundance due to environmental factors,
harvest regimes, and reproduction patterns, among others. Given this complexity, the development of management schemes for
sardine fisheries requires an evaluation of the impact of different management strategies. The evaluation of any management
scheme would need to account for the uncertainty associated with the biological behavior of resources and economic performance
of the fisheries to predict changes in resource abundance through simulation of alternative scenarios. In this study, an age-
structured dynamic bioeconomic model of the Pacific sardine (Sardinops sagax) fishery off the Baja California peninsula in
Mexico was used. The model assessed the effect of changes in recruitment over several state variables (biomass, net present value
and catch). An analysis of risk and uncertainty allowed the identification of sensitive parameters (natural mortality, price and
catchability) and a precautionary approach was used to evaluate the response of decision-makers with different attitudes toward
risk (adverse, neutral and prone) given different management scenarios, from open access to restrictions in fishing effort.
Incorporation of uncertainty and risk analyses into the assessment of the sardine fishery showed that management strategies
that involve restrictions on fishing effort resulted in a lower probability (0-7, expressed in percentage) of exceeding limit reference
points (LRPs) than those strategies that permit conditions of open access, or that aim for catch at maximum sustainable yield
(MSY) and catch quotas (13-60%). The analysis highlights the advantages of using an approach that incorporates risk and
uncertainty for generating management strategies for pelagic fisheries with high exposure to uncertain conditions.
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INTRODUCTION

Managers of fisheries face challenging tasks such as making
choices among alternative management options while monitoring
the status of the resources, the performance of the fisheries and
the response of fishermen. The task increases in complexity
when resources are highly vulnerable to environmental conditions
like in the case of pelagic fisheries. Under this context, technical
support with sound information for making ‘the best’ decisions
are indeed required. Nevertheless, what could be the ‘best
decision’? Any decision has to make some assumptions based
on the technical assessment, but also based on the manager’s
criteria and other influential environmental conditions (social,
economic, etc.). Bioeconomic models are useful for assisting
managerial decisions as they not only incorporate uncertainty
associated with the dynamics of the resources and the fishery,
but also the effect of decision makers given their different
attitudes toward alternatives options. Hence the trial and error
of decisions can be forecasted, giving a portrait of the ‘best’
and ‘worst’ case scenarios of alternative decisions, allowing an
understanding of the system’s dynamics and also to get feed-
back on the response of resources to alternative fishery policies
(Prellezo et al. 2009, Anderson & Seijo 2010, Ivar 2010).

Different types of bioeconomic models have been developed
for fisheries, among them age-structured models have received
special attention due to their usefulness in describing the
complexity of the fisheries and fish stocks. These models have
been used mainly for simulation and numeric optimization (Clark
1990, Tahvonen 2010). A variety of bioeconomic age-structured
models have been developed for several types of fisheries (Wilen
2000, Pintassilgo & Duarte 2002, Smith & Wilen 2003, Massey
et al. 2006, Grafton et al. 2007, Smith et al. 2008, Tahvonen
2008). Among those models, simulation models that comprise
biological, environmental, and economic factors, although less
common, allow for the evaluation of the bioeconomic impact of
several management strategies offering important tools in fisheries
resource management (Seijo et al. 2004, De Anda-Montañez
et al. 2010).

As stated earlier, many of the important multispecies fisheries
in the world include small pelagic fish, like Pacific sardine
(Sardinops sagax), Peruvian anchoveta (Engraulis ringens),
and Southern African pilchard (Sardinops sagax). There are
several models that have been developed for this type of fishery.
For sardine stocks specifically, the need of the precautionary
approach in stock assessment and management is necessary
due to the uncertainty associated with the resource and the
dynamics of the fishing fleet. It is also important to quantify the
risk related to decision making associated with the selection of
limit reference points (LRPs) and target reference points (TRPs)
(Hilborn 2010) to avoid undesirable situations and reduce the
probability of stock collapse.

Decision theory can be used to measure the risk associated
with the selection of management strategies given imperfect
knowledge of nature (the resource and its environment, the
dynamics of fishing effort), and the uncertainty associated with
the decision-making process. The incorporation of risk and
uncertainty into fisheries assessment and management has
become a demand as uncertainty increases around many
fisheries. On the other hand, the precautionary approach (Caddy
& Mahon 1995, Seijo et al. 1997a, b) can be coupled with
decision theory approaches (Anderson & Seijo 2010) for
defining LRPs and TRPs according to the context of the fishery
to be assessed (goals of decision makers and conditions of the
resources) with the objective of obtaining more than the
maximum sustainable yield (MSY) (Larkin 1977). Concepts
and practices that implicate the MSY as a TRP have been shown
to be insufficient. By the mid-1990s the United Nations unified
the MSY and the precautionary approach: ‘The fishing mortality
rate which generates MSY should be regarded as a minimum
standard for limit reference point’ (Caddy & Mahon 1995, Da
Rocha et al. 2012).

In Mexico, the development of management plans for
fisheries requires performance measures to evaluate alternative
management procedures. The Pacific sardine (Sardinops
sagax) fishery has been mainly exploited in the western coast
of the Baja California peninsula and within the Gulf of California.
In both locations, there were large fluctuations in fishery yields
during the 1991-1992 and 1992-1993 fishing seasons; the
social and economic impacts of such fluctuations in the Gulf of
California fishery have been analyzed by bioeconomic modeling
(Cisneros-Mata et al. 1995, De Anda-Montañez & Seijo
1999). However, most of the studies of the Pacific sardine off
the western coast of the Baja California peninsula (Fig. 1) have
focused on biological components (Félix-Uraga 1990, 1992;
Morales-Bojórquez 1999, 2002; Félix-Uraga et al. 2004) or,
in some cases, on the effect of environmental factors on the
stock and hence the fishery (Morales-Bojórquez et al. 2003,
Galindo-Cortés et al. 2010). Approaches using bioeconomic
modeling and risk evaluation have been seldom undertaken for
the Pacific sardine in this region while they have been more
frequently used in other regions of the country and worldwide
(Seijo et al. 2004, Álvarez-Dias & Dominguez-Torreiro 2006,
Seijo & Caddy 2008, Silvestri & Maynou 2009, Mullon et al.
2009, Prellezo et al. 2009, Tahvonen 2010, Politikos et al.
2013).

In the present study risk and uncertainty are incorporated in
the analysis of the sardine fishery from BCS in Mexico to learn
about the effect of alternative policy options over a highly
fluctuating fishery accounting for the effect on the stock and the
economic performance of the fishery. Alternative scenarios within
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the fishery were forecasted to evaluate the effect of changes in
management strategies over biological and economic state
variables (biomass, catch, and net present value), under the
assumption that different states of nature (recruitment variability
due to environmental factors, fluctuating natural mortality, among
others) can take place; the MSY was used as a LRP and the
maximum sustainable economic yield (MEY) as an economic
TRP.

MATERIALS AND METHODS

DATA SET

Information from 22 fishing seasons of the sardine fishery in
BCS (1983 to 2004) was used in this study; information
comprises data from annual yields (ton), and fishing effort
(fishing-days). Cost and revenue data were obtained from direct
interviews with fishermen, and fishing fleet owners from the San
Carlos and Adolfo López Mateos ports in Baja California Sur.
The price was computed as a weighted average price for
packaged and processed target and non-targeted species.

BIOECONOMIC MODEL

The bioeconomic model is described in Appendix 1 and
previously published in De Anda-Montañez et al. (2010). The

bioeconomic model was developed to simulate management
strategies that assume (1) the effect of density-dependence on
recruitment is described by an environmentally driven stock
recruitment function (eq. 4, Appendix 1); (2) changes in fishing
effort respond to revenue (eq. 6, Appendix 1); (3) values of the
instantaneous rate of natural mortality (M) and catchability
coefficient (q) are constant through age and time; (4) mortality
due to fishing is a dynamic function of the fishing effort; (5)
variable costs change with changes in fishing effort, and fixed
costs depend on the invested capital; and (6) migration was
neglected in the model.

ALTERNATIVE SCENARIOS FOR MANAGEMENT STRATEGIES

 The alternative scenarios that were forecasted with the
bioeconomic simulation model to assess the effect on the Net
Present Value (NPV) include the following alternative
management options:

1) Open access (base run), catch and effort levels calculated
during the period 1983-2004;

2) Effort at the maximum sustainable economic yield (fMEY=
756 trips), which can be reached when differences between
TR and TC are maximized; this value was calculated from the
base run in the year 2001;

Figure 1. Study area showing the zone of operation of the Pacific sardine (Sardinops sagax) fishery in the southern portion of the west coast
of the Baja California peninsula, Mexico / Área de estudio mostrando la zona de operación de la pesquería de sardina del Pacífico
(Sardinops sagax) en la porción sur de la costa oeste de la península de Baja California, México



54 De Anda-Montañez et al.
Dynamics and uncertainty of small pelagic fisheries

3) Catch at maximum sustainable yield (CMSY= 45,800 ton), is
the maximum catch calculated from the same base run, but in
the year 2002;

4) Effort observed in 2004 (f2004= 851 trips), last analyzed
season; and

5) Catch quota (CQ) allocated at 40,000 ton, based on the
values of the catch obtained in the year 2001 (CQ40,000).

The fMEY, CMSY, CQ40,000 come from the base run,
incorporating the observed effort in 2004, and hence in order
to learn about the behavior of the fishery under alternative
scenarios, the model was run starting with the simulations from
2005 fishing season; a simulation was run to forecast patterns
up to 2017. The input parameters for the bioeconomic model
with its corresponding references are shown in Appendix 2.

SENSITIVITY ANALYSES

A sensitivity analysis was performed for each of the 5 strategies
by introducing variation in some parameters and their effect
over biomass, catch, and NPV for a given rate of discount (),
which in this study was 0.04 year-1. The parameters modified
for the sensitivity analysis included: unit cost of effort (Uc),
catchability coefficient (q), average price for Pacific sardine
(Pps), density-independent coefficient of the stock-recruitment
Ricker’s equation (a), density-dependent coefficient of the
stock-recruitment Ricker’s equation (b), growth coefficient of
the von Bertalanffy equation (K), natural mortality rate (M),
and fleet dynamics parameter (). The fleet dynamics parameter
indicates the entry-exit of the fleet, which was assumed to be
greater than zero (if  is equal to zero, then effort is assumed
constant throughout time) (Equation 6, Appendix 1). Given the
uncertainty around different parameter estimates of the
bioeconomic model, generation of data testing potential
scenarios of variability around that deterministic estimate can
be more informative for management decisions (Anderson &
Seijo 2010). In this sense, Monte Carlo analysis offers a
platform to do so. In this study variation around (± 20%) of the
biological parameters was assumed appropriate to test the 5
management strategies.

DECISION ANALYSIS WITHOUT MATHEMATICAL PROBABILITIES

In the absence of mathematical probabilities that predict the
occurrence of a particular event, trends in fisheries can be
evaluated when alternative management strategies are
implemented. These trends can result from a set of combinations
of alternative states of nature associated to the fishery and a set
of criteria according to the aims and perspectives of managers.
Hence, one can consider the possible outcomes of decisions

due to differences in the mangers preferences when defining
such strategies. According to Seijo et al. (1997b) and Anderson
& Seijo (2010), three different types of managers can be
classified depending on different levels of risk aversion: (1) A
highly cautious manager adverse to risk that is willing to lose
the least; (2) A moderately cautious manager that will try to
minimize the maximum regret from the maximum loss of
opportunities of each management strategy; and (3) A broadly
optimistic manager that would select the strategy that maximizes
his benefits.

In the first case, the Maximin criterion was considered, which
is based on the decision table approach and calculates a vector
of the minimum values for the performance variable (NPV,
biomass, and catch in this case) resulting from each management
strategy; the decision includes the selection of a strategy that
involves the maximum value of the observed minimum for the
performance variable (Seijo et al. 1997b, Anderson & Seijo
2010). Because Pps and q were two of the parameters to which
the model was more sensitive, and M is one of the most important
parameters in population dynamics, the states of nature selected
for testing different scenarios were based on changes of these
three parameters when running the analysis of alternative
strategies defined as State 1, M= 0.6; State 2, M= 0.48; State
3, M= 0.72; in all three states Pps and q were assumed as
constant (Pps= 52.6 USD ton-1 and q= 0.000155).

In the second case the Minimax regret criterion applies,
whereby a manager would select the strategy that would involve
less ‘regret’, e.g. when the difference between the real benefit
and the benefit that could have been obtained if the correct
decision had been made is smaller (Seijo et al. 1997b, Anderson
& Seijo 2010). The states of nature were defined as State 4,
Pps= 52.6 USD ton-1; State 5, Pps= 42.08 USD ton-1; State 6,
Pps= 63.12 USD ton-1; in these 3 states M and q were assumed
as constant (M = 0.6 and q = 0.000155).

Finally, in the third case the Maximax criterion applied, in
this case the manager would select the maximum value from a
vector of the maximum values for the performance variable from
each management strategy (Seijo et al. 1997b, Anderson &
Seijo 2010). The states of nature were defined as State 7, q=
0.000155; State 8, q= 0.000124; State 9, q= 0.000186; in
these last three states M and Pps were assumed as constant
(M= 0.6 and Pps= 52.6 USD ton-1)

Besides, the rate of discount was tested over different
assumptions as suggested by Anderson & Seijo (2010). The
states of nature were defined as State 10,  = 0.04; State 11, 
= 0.02; State 12,  = 0.06; in these last three states of nature
all parameters were assumed as constant.



55Vol. 52, Nº 1, 2017
Revista de Biología Marina y Oceanografía

MONTE CARLO ANALYSIS

In order to evaluate the probability of exceeding the LRP and
TRP of the performance variables, which in this case include
biomass, catch, and Net Present Value (NPV), a Monte Carlo
analysis was performed to account for different sources of
uncertainty and its impact on the biological and economic fishery
subsystems. In this study, seven parameters were tested to
evaluate which one could affect the most performance variables,
given the LRP and TRP of such parameters; unit cost of fishing
effort (Uc), average price for Pacific sardine (Pps), density-
independent coefficient of the stock-recruitment Ricker’s
equation (a), density-dependent coefficient of the stock-
recruitment Ricker’s equation (b); these 4 parameters are
assumed to have a log-normal error distribution (Pennington
1996, Jiao et al. 2004), and the parameters catchability (q),
growth of the von Bertalanffy equation (K), and natural mortality
rate (M) were assumed to have a normal error distribution,
allowing for change simultaneously in the Monte Carlo analysis.
The number of runs performed was 10,000.

Traditionally, TRPs have been defined as a desirable
objective for management, while LRPs indicate a state of a
fishery and/or resource that is considered undesirable and which
management action should be avoided (Caddy & Mahon
1995). In the present study, an acceptable risk of reaching those
LRPs is expressed in terms of risk below 10%.

The MSY in terms of biomass at maximum sustainable yield
(BMSY; 274,741 ton) and catch at maximum sustainable yield
(CMSY; 45,800 ton) were used as a LRP; the biomass at the
maximum economic yield (BMEY; 375,035 ton) and the catch at
2/3 of maximum sustainable yield (C2/3MSY; 30,533 ton) were
used as TRPs. Here, it was assumed that the maximum
sustainable economic yield (MEY) was equivalent to $112,298
USD (De Anda-Montañez et al. 2010), which occurs at the
effort level yielding the greatest margin between total costs and
sustainable total revenues for the resource (Clark 1990, Seijo
et al. 1997a) and hence the aim would be to maximize the
NPV. Also, the bioeconomic equilibrium point (BE) for an open
access fishery in which total revenue equals total cost under
equilibrium conditions (Caddy & Mahon 1995, Seijo et al.
1997b) was adopted as an LRP (EB= $ 0.0 USD).

These decisions on acceptable risk and the LRPs are
arbitrary, but it is important that managers recognize them
(Caddy & Mahon 1995). The current management measures
for the Pacific sardine fishery off the western coast of the Baja
California peninsula are: minimum legal catch size (150 mm
standard length), the limited entry of new permits to the fishery
depending on the storage capacity, the maximum size of purse
seines is proportionally determined according to the boat size,

and a recommended exploitation rate of 0.25 (DOF 2012)1.
But LRPs have not been proposed for the fishery. The dynamic
bioeconomic model used for this analysis is described in
Appendix 1 (De Anda-Montañez et al. 2010).

RESULTS

The bioeconomic age-structured model used in this study has
been previously described and validated for sardine in the Baja
California peninsula by De Anda-Montañez et al. (2010).
However, it did not include a sensitivity analysis nor the
integration of risk analysis, which is presented here based on
decision tables calculated without mathematical probabilities,
using the Maximin, Minimax, Maximax criteria, and considering
the five management strategies with nine states of nature (defined
here as State 1 to State 9) accounting for changes in values of
natural mortality (M), price (Pps), or catchability (q). In addition,
the probabilities of exceeding the values used as LRPs and TRPs
for the biomass, catch and NPV for each of the different
simulated strategies are also presented in this study.

SENSITIVITY ANALYSES

The parameters that the model considered to be more sensitive,
in general, were unit cost of fishing effort (Uc), catchability
coefficient (q), price for target species (Pps), and the parameters
of the stock-recruitment Ricker’s equation (density-independent
(a) and density-dependent (b) coefficients). This observation
was true for all of the scenarios and variables examined (biomass,
catch and NPV) as can be observed in Figure 2. It is clear that
the parameters were important to the stock-recruitment Ricker’s
equation, particularly to the biomass, and this was true for all of
the scenarios except for the open access condition. Under
different management strategies, the introduction of variation
(± 20%) on the q parameter, showed its effect over catch, which
was greater in this variable than over others, such as biomass
and NPV. Economic parameters like Pps and Uc generally
showed more sensitivity to the NPV in all the scenarios (Fig.
2).

DECISION  ANALYSES WITHOUT MATHEMATICAL

PROBABILITIES

The results of applying the Maximin criterion are shown in Table
1. Under conditions of variable M, the f2004 strategy provided
the maximum value of the minimum NPV and represented the
strategy that would be most likely employed by an extremely
cautious manager (with high risk-aversion). Under conditions

1DOF. 2012. Diario Oficial de la Federación. Ciudad de
México, México, 24/Agosto/2012. <http://www.dof.
gob.mx>
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Figure 2. Sensitivity analyses of 8 input parameters to the bioeconomic model evaluated for their effect on biomass, catch and NPV: unit
cost of fishing effort (Uc), catchability coefficient (q), average price for Pacific sardine (Pps), density-independent coefficient of the stock-
recruitment Ricker’s equation (a), density-dependent coefficient of the stock-recruitment Ricker’s equation (b), growth coefficient of
the von Bertalanffy’s equation (K), natural mortality rate (M), and fleet dynamics parameter (). The level of sensitivity is shown as
contribution to the variance (%) to the performance variables: biomass, catch, NPV, and to 5 management strategies / Los análisis de
sensibilidad de los 8 parámetros de entrada al modelo bioeconómico evaluados por su efecto en la biomasa, captura y VPN: costo
unitario del esfuerzo de pesca (Uc), coeficiente de capturabilidad (q), precio promedio de la sardina del Pacífico (Pps), coeficiente
denso-independiente de la ecuación stock-reclutamiento de Ricker (a), coeficiente denso-dependiente de la ecuación stock-reclutamiento
de Ricker (b), coeficiente de crecimiento de la ecuación de von Bertalanffy (K), tasa de mortalidad natural (M), y el parámetro de
dinámica de la flota (). El nivel de sensibilidad se muestra como contribución a la varianza (%) para las variables de desempeño:
biomasa, captura, VPN, y para 5 estrategias de manejo
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in which price varies, a manager with risk-aversion would select
the fMEY strategy which defines a fishing effort on the range of
756 trips. Under conditions of variable q, assuming a value of
q= 0.000124, NPV values were low due to low catches in the
model forecast.

The Minimax regret criterion would be applied when the
manager is cautious, but not completely risk-averse. The best
strategy for this type of manager, based on the results
summarized in Table 2 is the f2004 strategy, as it resulted in the
lowest regret for lost opportunities in all three cases.

The Maximax criterion would be applied by a resource
manager who is broadly optimistic and risk-inclined. From the

data presented in Table 3 (M and Pps, respectively), we can
conclude that the simulated strategy most likely to produce the
maximum-maximum NPV for the fishery would be the open
access strategy. Under conditions of variable q, the maximum-
maximum NPV for the fishery would be the f2004 strategy.

Table 4 shows the results from the decision tables, using the
Maximin, Minimax, and Maximax criteria, considering five
management strategies over different assumptions accounting
for changes in values of the discount rate (). The three criteria
were observed to provide consistent results with those obtained
previously, for example, that the best strategy for the sardine
fishery is the effort applied in 2004 with 851 trips. Note also,
that higher discount rate lowered the VPN.

Table 1.  Results from the decision tables calculated without
mathematical probabilities, using the Maximin criterion, and
considering 5 management strategies with 9 states of nature (defined
here as State 1 to State 9) accounting for changes in values of natural
mortality (M), price (Pps), or catchability (q) / Resultados de las tablas
de decisión calculadas sin probabilidades matemáticas, usando el
criterio Maximin, y teniendo en cuenta 5 estrategias de manejo con
9 estados de la naturaleza (definidos aquí como Estado 1 a Estado 9)
contabilizando los cambios en los valores de mortalidad natural
(M), precio (Pps), o capturabilidad (q)

Table 2. Results from the decision tables calculated without
mathematical probabilities, using the Minimax regret criterion, and
considering 5 management strategies with 9 states of nature (defined
here as State 1 to State 9) accounting for changes in values of natural
mortality (M), price (Pps) or catchability (q) / Resultados de las tablas
de decisión calculadas sin probabilidades matemáticas, usando el
criterio Minimax, y teniendo en cuenta 5 estrategias de manejo con
9 estados de la naturaleza (definidos aquí como Estado 1 a Estado 9)
contabilizando los cambios en los valores de mortalidad natural
(M), precio (Pps), o capturabilidad (q)
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Table 3. Results from the decision tables calculated without
mathematical probabilities, using the Maximax criterion, and
considering 5 management strategies with 9 states of nature (defined
here as State 1 to State 9) accounting for changes in values of natural
mortality (M), price (Pps) or catchability (q) / Resultados de las tablas
de decisión calculadas sin probabilidades matemáticas, usando el
criterio Maximax, y teniendo en cuenta 5 estrategias de manejo con
9 estados de la naturaleza (definidos aquí como Estado 1 a Estado 9)
contabilizando los cambios en los valores de mortalidad natural
(M), precio (Pps), o capturabilidad (q)

Table 4. Results from the decision tables calculated without
mathematical probabilities, using the Maximin, Minimax and Maximax
critera, and considering 5 management strategies under 3 states of
nature (defined here as State 10, = 0.04; State 11, = 0.02; State 12,
= 0.06). It was considered changes in values of the discount rate ();
all other parameters were assumed as constant / Resultados de las
tablas de decisión calculadas sin probabilidades matemáticas,
usando los criterios Maximin, Minimax y Maximax, y teniendo en
cuenta 5 estrategias de manejo con 3 estados de la naturaleza
(definidos aquí como Estado 10, = 0,04; Estado 11, = 0,02; Estado
12, = 0,06) contabilizando los cambios en los valores de la tasa de
descuento (); todos los parámetros se asumen constantes

Table 5. Probabilities of exceeding the values used as Limit Reference Points (LRPs) and Target Reference Points (TRPs) for the biomass, catch and Net
Present Value (NPV) for each of the different simulated strategies in 2017. Uncertainty is incorporated into 7 parameters, growth coefficient (K),
density-independent coefficient (a), density-dependent coefficient (b), natural mortality (M), catchability coefficient (q), price for target species (Pps)
and unit cost of fishing effort (Uc). Probabilities were determined across the 10,000 simulations / Probabilidades de exceder los valores usados
como Puntos de Referencia Límite (PRL) y Puntos de Referencia Objetivo (PRO) para la biomasa, captura y Valor Presente Neto (VPN) para cada una
de las diferentes estrategias simuladas en el 2017. La incertidumbre es incorporada en 7 parámetros, coeficiente de crecimiento (K), coeficiente
denso-independiente (a), coeficiente denso-dependiente (b), mortalidad natural (M), coeficiente de capturabilidad (q), precio de la especie objetivo
(Pps) y el costo unitario del esfuerzo de pesca (Uc). Las probabilidades se determinaron a partir de 10.000 simulaciones
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MONTE CARLO ANALYSES AND PROB AB ILITIES OF

EXCEEDING THE LRPS AND TRPS

The probabilities of exceeding LRPs and TRPs are shown in
Table 5. LRPs and TRPs for biomass, catch and NPV were
evaluated to predict their values for year 2017. The fMEY and
f2004 strategies result in lower probabilities of exceeding LRPs,
and open access which showed high probabilities of exceeding
LRPs. In the case of biomass and NPV the probability of
exceeding TRPs for all strategies was equal to zero. In general,
the fMEY and f2004 management strategies had the lowest
probabilities for producing undesirable levels of biomass, catch
and NPV (Table 5).

DISCUSSION

In this study, the developed formal decision-making model aimed
to quantify the effect of alternative management strategies over
several state variables of the sardine fishery, including the
economic value, within a precautionary approach to fishery
management. The proposed dynamic bioeconomic model was
built to incorporate, in a simple way, biological, environmental,
and economic factors related to the Pacific sardine fishery off
the western coast of the Baja California peninsula. The Maximin
and Minimax criteria that were considered for making fishery
management decisions suggest that strategies employed to
regulate the fishing effort (f2004 and fMEY) will result in the best
outcome for the sardine fishery; that is, the economic gains from
this fishery could be increased by changes in effort regulations.
The Monte Carlo-based simulation analyses also indicate that
strategies involving the control of fishing effort can result in lower
probabilities of exceeding LRPs, even when there is uncertainty
in parameters such as Uc, q, Pps, a, b, K and M occur,
suggesting that these types of strategies represent the most viable
options for the management of the sardine fishery under study.

Current management strategies that are applicable to the
sardine fishery are defined by the Mexican Official Norm
NOM-003-PESC-1993 (DOF 1993)2, which establishes
minimum legal catch size of 150 mm of standard length (SL) for
the entire Pacific Ocean including the Gulf of California. The
entry of new fishing permits (effort control) to the fishery is
limited depending on the storage capacity of the vessels, the
maximum size of purse seines is limited, and an exploitation
rate of 0.25 has been recommended; it also establishes the
possibility of applying bans associated with the reproductive
period of the sardine. The catch of sardine with size less than
150 mm SL should not exceed 30% in number of individuals
landed per season. In addition, since 1993 and up to date, in

the Gulf of California there have been suspensions per unit area
of fishing or total closure during August and September in order
to protect juveniles (DOF 20043; DOF 20121). It is apparent
that management for sardine includes input control and output
control, however, measures such as those proposed in this study
that involve controlling the fishing effort in number of trips (fMEY
and f2004 with 756 and 851 trips, respectively), has not yet been
suggested. An administrative measure of this nature could
operate with a higher profit margin without over-exploiting the
sardine resource. Nonetheless, it involves a series of adaptations
and flexible conditions to enforce controls in fishing effort,
assuming availability of updated information that accounts for
uncertain conditions, which could impact the resource and, thus,
the parameters of the fishery. It is also important to control the
fishing capacity of the fleet in order to maintain the sustainability
of the fishery and avoid rent dissipation over time.

Given that the sensitivity analysis used to evaluate the
performance of the model showed that Uc, q, Pps, a, b, K, M
and  were sensitive over biomass, catch and NPV; hence, all
parameters except the fleet dynamics parameter () were used
for testing alternative management scenarios for the sardine
fishery. All parameters can have an additive or multiplicative
effect, hence an error in estimating their value can affect the
performance of the model and consequently, the decision-
making processes that depends on the results from these models.

 The results of this study highlight the importance of economic
factors in regulating the dynamics of fishery fleets to control
fishing activities. This does not dismiss the relevance of other
variables; for instance, interactions between the effective fishing
effort and the natural resource that is being targeted are
measured by q. Variation in this parameter is relevant because
it has an inverse exponential relationship with stock abundance,
being more highly impacted by the amount of fishing when stock
size is lower (Martínez-Aguilar et al. 2009). Although a
monotonically decreasing function with the size of the population
was not incorporated in the mathematical model, the results of
the deterministic (Maximin, Minimax, and Maximax criteria) and
stochastic approaches (probabilities of exceeding the values
used as LRPs and TRPs for the biomass, catch and NPV) are
consistent when the management strategy fixed the effort
equivalent of f2004, consistent with the most advisable strategy
for the sardine fishery. We believe that if the density-dependent
function on catchability was incorporated, considering the effect
of increasing improvements in technology, we would expect a
reduction in the time to reach the TRPs.

2DOF 1993. Diario Oficial de la Federación. Ciudad de
México, México, 31/12/1993. <http://www.dof.gob.mx>

3DOF 2004. Diario Oficial de la Federación. Ciudad de
México, México, 15/03/2004. <http://www.dof.gob.mx>
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Values of Pps, q, and Uc are also influenced by several other
factors, including the availability and abundance of stocks,
economic demand, and environmental conditions. Improvement
on stock assessment also requires robust estimates of M, which
are generally difficult to obtain for most populations as mortality
may vary spatially, temporally, or in relation to size/age of fish
due to many biotic and abiotic factors. For this reason, the
conventional practice in fishery stock assessment had assumed
the value of this parameter as constant for fully-recruited
individuals (Caddy 1991, Martínez-Aguilar et al. 2005). In this
regard, one way to go around these limitations is to test the
effect of potential changes on several state variables, given
potential changes in this parameter incorporated in the
bioeconomic model based on the precautionary approach.
Results in this study showed that natural mortality is not one of
the main drivers of uncertainty over the state variables (Fig. 2),
despite how sensitive the sardine is to environmental factors
that can affect recruitment. This is also reflected on the decision
tables (Tables 1, 2 and 3), when changes in values of natural
mortality resulted in the lowest effects over NPV.

Decision making analyses without mathematical probabilities,
which use the Maximin, Minimax and Maximax criteria that
represent managers with high risk-aversion, not totally risk-
averse and risk-inclined, respectively, resulted in selection of
the f2004, fMEY, and open access strategies, respectively. A highly
cautious manager, represented by the Maximin criterion, would
select either the f2004 or fMEY strategy under conditions where
either M, Pps or q could vary. When the manager is cautious,
but not completely risk-averse (Minimax criterion) the same
f2004 strategy was chosen irrespective of either M, Pps or q vary.
A resource manager who is broadly optimistic and risk-inclined
(Maximax criterion), the open access and f2004 strategies were
chosen depending on either M, Pps or q vary.

The results from these analyses show that management
strategies chosen by a particular manager will vary according
to their personal preferences at that time, the information at
hand and the legislation in place, which can restrict or facilitate
the implementation of the selected strategy. The advantage of
incorporating risk and uncertainty in fisheries assessment is that
decision makers in charge of management can have an idea of
the potential effect of such decisions (Anderson & Seijo 2010,
d’Eon-Eggertson et al. 2015). As stated by Uusitalo et al.
(2015) the quality of the information available and the type of
models and approaches used define the level of analysis
incorporating uncertainty, in this regard decision tables and
Monte Carlo simulation offer a friendly tool to provide advice
to fisheries managers.

The fishing effort during the last 5 years in this analysis (>800
fishing days) was observed to be slightly higher than the fishing
effort under the fMEY strategy (756 trips), which could be
indicative of a fishery in ‘reasonably good conditions’, since it
shows that the fishery could maintain an acceptable income level
under an open access regime without triggering signals of
overfishing in the analyzed period (1983-2004), even if the
maximum revenues are not attained. The management strategy
that could provide the best fit in this simulation model irrespective
of risk tolerance levels was determined to be the f2004 strategy
with 851 trips, value closer to the fishing effort of the 2000-
2004 period. However, stock size oscillations that may result
from environmental fluctuations should also be taken into account
when deciding on a particular management strategy. For instance,
De Anda-Montañez et al. (2010) analyzed uncertainty by
defining four states of nature associated with environmental
variability as represented by the multivariate ENSO index (MEI)
(El Niño Southern Oscillation, ENSO); state 1: run base (values
of MEI near to zero; state 2: positive values of MEI (El Niño
conditions); state 3: negative values of MEI (La Niña conditions);
and state 4: cycle El Niño-La Niña. The results showed that,
when the MEI value was positive (equivalent to conditions of
an El Niño event), a negative effect on the fishery was observed.
When this environmental variability was taken into account, the
results of the decision analysis with mathematical probabilities
indicated that the selected management strategies vary according
to the decision criterion, i.e. a risk-neutral decision maker
selected the f2004 strategy, a risk-averse fishery manager selected
the catch-quota strategy, and an administrator willing to take a
risk selected the open-access strategy. Use of the Bayesian
criterion indicated that the manager selected the strategy of f2004.
The decision analysis without mathematical probabilities, which
use the three criteria (Maximin, Minimax and Maximax),
indicated that the selected management strategies also vary
according to the criterion, i.e. a risk-aversion administrator
(Maximin criterion) selected the fMEY strategy, a less cautious
administrator (Minimax criterion) selected f2004 strategy, and a
broadly optimistic administrator (Maximax criterion) selected
the open access strategy. In the present study, the results of the
decision analysis without mathematical probabilities accounting
for changes in values of M, Pps or q were more consistent with
those obtained by De Anda-Montañez et al. (2010), i.e., the
most frequently chosen strategy was f2004.

The Monte Carlo analysis also showed the strategies that
incorporate the fishing effort limitations as the most viable for
the sardine fishery (fMEY and f2004), with the lower probabilities
of exceeding the LRP for biomass, catch and NPV, i.e., with
an acceptable risk, which was defined in this study below 10%.
In general, these strategies seem to result in better outcomes
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than the open access, CQ40,000 and CMSY strategies, that
represent scenarios in which a substantial increase in effort is
necessary to obtain the highest possible fishery yield. Grafton
et al. (2007) reported that, in practice, the biomass associated
with maximization of discounted profits (maximize NPV) is
higher than that related to MSY. This suggests that the use of
reference points lower than fMSY may be a win-win strategy,
higher profits and safer biomass (Grafton et al. 2007, Da Rocha
et al. 2012).

Results from this study suggest that additional efforts to
control overfishing (fishing mortality rate above the level that
provides for the level of MSY), such as robust estimates of
biomass, regulation of the type and size of the crafts, seasonal
closures, among others, are needed for this type of resource.
The call for a combination of management regulations (redundant
management or portfolio management) is increasing among
fisheries scientists (Wilen 2000, Hilborn 2003, Seijo et al. 2004,
Hilborn 2010). The best outcomes for fishery management will
likely result from applying a combination of strategies.

While the results from this study suggest that strategies
incorporating the regulation of fishing efforts may contribute to
maintain the sardine fishery, yields cannot be maintained in the
long term without incorporating additional regulatory
mechanisms into the management of this fishery as stated earlier.
For instance, the Pacific sardine off the western coast of the
Baja California peninsula, includes among its management
regulations a minimum legal size of capture of 160 mm standard
length (DOF 20104), which is a tool oriented to reduce fishing
mortality. Seasonal closures could also help to maintain sardine
production at a sufficient level to maintain the stock. However,
effort management has been regarded as a more effective
measure by different authors (Kraak et al. 2008, Ulrich et al.
2011).

A key characteristic of sardine stocks is their interannual
variation that, in some cases, increases by several orders of
magnitude in biomass. Such variations in biomass or events such
as the migrations from fishing grounds that have been reported
by some authors (Félix-Uraga et al. 1996, 2004) can impact
the fishery and the decision-making process related to its
management. Assuming that such variations in biomass have an
impact on market prices, the results of the open access strategy
simulated here could result in decreased biomass, ultimately
causing the fishery to be unstable in the long term. The migration
is another factor in this analysis that could at least affect the

fleet dynamics (fishing effort to revenue) relationship assumed
in this study. Thus, it is recommended in future studies to
incorporate uncertainty in the migration of sardines.

The results of this study cannot be directly considered for
management purposes for Pacific sardine fishery, since both
the bioeconomic model and the fisheries data need to be
updated; however, they illustrate the importance of implementing
this type of dynamic model, which takes into account some
sources of uncertainty and risk in fisheries. It is recommended
for the sardine fishery off the southwest coast of the Baja
California peninsula to make the necessary assessments to
develop a more accurate combination of TRPs and LRPs prior
to their adoption into the fishery management. These reference
points should be clearly defined and must have been agreed in
advance, so that they can be executed without negotiation as
suggested by Caddy & Mahon (1995).

It is important to stress that well-informed managers and
fishermen can make decisions in their own interest and contribute
to reach societal goals when they learn about the impact of
different fisheries policies under different contexts. The usefulness
of bioeconomic models that integrate risk analysis offer an
opportunity to portray results to stakeholders in order to seek
successful fisheries management, better science that integrates
complexity of the fisheries and uncertainty in the analyses, can
generate better governance systems.
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APPENDIX 1
The dynamics of the population structure of the Pacific sardine
was modeled using the following equation:

    (1)

where Nj, t is the number of individuals from age j at time t in
years; M is natural mortality parameters was taken from
Morales-Bojórquez (1999) and it was assumed as constant
over time and age; and Fj,t is fishing mortality from age j at time
t in years, which is defined as:

Fj,t= ft q    (2)

where ft is the fishing effort, in fishing-days at time t, and q is
the catchability coefficient, the value of this parameter (q=
0.000155) was taken from Martínez-Aguilar (2006), which was
computed as a weighted average value of the catchability-at-
length estimates, and was assumed to be constant with time
and age, the rate of fishing mortality is the same for all age
groups.

The feedback expression (see eq. 1 above) is estimated from
recruitment Rt:

N1,t = Rt      (3)

where Rt was the number of recruits estimated by the
environmentally driven stock-recruitment function (Ricker 1975;
Hilborn & Walters 1992) as follows:

    (4)

where St is the spawning stock at year t; a is the density-
independent coefficient; b is the density-dependent coefficient;
c is the coefficient that reflects the effects of environmental
changes; MEIt is the environmental variable (in this case the
multivariate index of ENSO at time t) (http://www.noaa.gov/);
and  is the unexplained residual that is assumed to be normally
distributed,  ~ N(0, 2). For the present work, the age of
recruitment was defined as one year of age and the spawning
stock comprised individuals between the ages of 2 and 6 years
(Félix-Uraga 1990, 1992).

Total biomass was calculated using the following equation:

     (5)

where Mage is the maximum age of the species (7 years), and
Wj represents the individual weight of species at different ages
(j), estimated through the von Bertalanffy’s growth function and
the corresponding length-weight relationship.

The dynamics of the fishing fleet were modeled using the

function described by Smith (1969), which assumes that effort
responds to changes on the revenue, in such a way that increased
revenues will generate and incentivize increases in fishing effort
or viceversa:

f t+1= f t + ( t )    (6)

where  is the fleet dynamics parameter which is greater than
zero (if  is equal to zero, then effort is constant throughout
time); and t represents the net revenue in US dollars (USD) at
time t.

The catch, Cj, t, was calculated using the standard catch
equation (Baranov 1918):

    (7)

where Bj, t is the biomass for age j at time t.

The net revenues at time t (t) were calculated using the
expression:

 t = TRt - TCt   (8)

where TRt are the total revenue at time t, and TCt are the total
costs at time t.

Total revenues were estimated, considering the catch and
price of Pacific sardine (target specie) and others species (non-
targeted species) in the landings:

   (9)

where Pps is the price per ton of Pacific sardine; Ct is the catch
of Pacific sardine at time t (eq. 7); Pos is the price per ton of
other species; Cos,t is the average catch of other species at time
t.

The total costs at time t (eq. 8) were calculated considering
the fixed costs (investment costs of the boat and fishing
equipment, depreciation, insurance of the boat and
administrative costs), variable costs (foods, fuel, lubricant, repair
of fishing gear, maintenance), and opportunity costs of labor
and capital. From this value, the travel cost of a fishing day
(Uc) and the total number of fishing day in year t were estimated:

Tct = Uc * f t      (10)

Cost and price data were obtained from direct interviews
with fishermen and fishing fleet owners.

Net-Present-Value (NPV) was defined as:

     (11)
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where n is the total span of years used in the simulation run,
and is the discount rate (4% for this study). This value was
obtained subtracting the inflation to the interest generated by

Treasury Certificates (CETES, by its abbreviation in Spanish)
to December 2004. CETES are instruments of debt that the
Mexican Government emits to be financed.

Appendix 2.- Input parameters for the bioeconomic model of the Pacific sardine fishery on the western coast of the Baja California peninsula, Mexico
/ Parámetros de entrada para el modelo bioeconómico de la pesquería de sardina del Pacífico en la costa occidental de la península de Baja
California, México


