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ABSTRACT. The anchovy (Engraulis ringens) fishery in central-southern Chile, like many fisheries
worldwide, is overexploitation mainly due to poor and short-term management by fishing authorities and
communities. This study proposes and evaluates marine reserves as a possible tool to apply since there is a
current marine reserve law in Chile. The study's methodology is the simulation of a bioeconomic model that
includes two areas: one is the protected, and the other is the artisanal fishing, in which the protected area transfers
biomass to the artisanal fishing area. The reserve is incorporated as a decision variable in the management of
this resource. It is determined as a percentage of protection of the total fish population related to fishing effort,
which quantifies and evaluates the impact of protecting a stock of parental fish on the fishery's sustainability.
Biomass data used is from 2000-2006, during which the anchovy fishery was fully exploited. The carrying
capacity and intrinsic growth rate are estimated, and biomass is projected at different protection and effort levels.
Results show that if a marine reserve with a protection level of 30% had been applied as a management policy
in the anchovy fishery of central-southern Chile in the early 2000s, the fishing activity would be in a state of
full exploitation rather than overexploitation as it is today. This model's fundamental contribution is that it makes
possible fishery evaluation with real data from the same fishing activity.

Keywords: Engraulis ringens; bioeconomic model; fisheries management; anchovy fishery; marine reserve;
sustainable development

INTRODUCTION are maintained primarily by individual recruits that

renew the species' stock every year during the summer

For many decades, researchers have recognized that
parent stocks are depleting among the world's diverse
fisheries, and there has been almost universal
agreement that fishery management systems need to be
reformed in almost all countries (Hilborn & Ovando
2014). The anchovy (Engraulis ringens) is an essential
resource been depleting in central-southern Chile since
2013 (Porabic et al. 2018, SUBPESCA 2018). A new
holistic and sustainable way of managing fisheries is
marine reserves (Halpern et al. 2009, Pérez-Ruzafa et
al. 2017).

The anchovy is a small pelagic resource that, along
with the mackerel (Trachurus murphy) and common
sardine (Strangomera bentincki), make up most of the
landing of fishing resources in Chile. These fisheries
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season. Anchovies have a large distributional range in
Chile, starting in the extreme north of the Arica and
Parinacota region and continuing down through the
south's Los Lagos region (Serra 1983). They live
mainly along the coast, with a longitudinal distribution
up to 30 nm west in the neritic zone, an area associated
with high biologic productivity (Arcos et al. 1987,
Arteaga & Cubillos 2008, Daneri et al. 2000).

Small pelagic species, like the anchovy, frequently
experience seasonal fluctuations in their abundance
(Bakun 1989) and considerable variability in recruit-
ment (Cubillos & Arcos 2002, Morales et al. 2003,
King & McFarlane 2005). Their numbers are higher in
the summer season (January-February in Chile). An-
chovies have a very short life cycle with rapid corporal
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growth, a high and variable rate of natural death, and a
marked spawning season (Serra 1983, Cubillos &
Arancibia 1993b, Cubillos et al. 2001). These factors
lead to stock sizes that are largely dependent on
recruitment, very unstable, and difficult to estimate
(Cubillos & Arcos 2002). Some authors have classified
the pelagic fish population as the most unstable and
sensitive population in the face of unregulated fishing
(Beverton 1983). This instability, along with the
implementation of a variety of administrative and
management regulations like closed seasons for
reproduction  (July-September) and recruitment,
highlights how even though this fishery is profitable, it
can also be risky and fragile, with high seasonality in
fishery landings (Cubillos & Arancibia 1993a, Pitcher
1995, Cubillos et al. 1998).

Throughout the history of Chilean fisheries has
collapsed twice during periods of deregulation. The
first and biggest collapse came in 1965 in the northern
zone of the country. According to Soto & Paredes
(2018), the myopic public policies on fishing
development at the beginning of the 1960s, like the
DFL 266 of 1960, Law #12,937, and Law #13,039,
prompted this resource overexploitation. After only
five years, the regulatory and policy incentives
intended to develop the industry led to the largest
landing in national history-more than one million tones,
of which almost 90% were anchovy (Basulto del
Campo 2014). This record landing, combined with the
El Nifio phenomenon, resulted in one of the biggest
collapses of the Chilean fishing industry in the 20th
century (Basulto del Campo 2014). The second
anchovy collapse between 1972 and 1973, when
overexploitation, in conjunction with El Nifio, led to an
almost 80% decrease of anticipated catch.

Before the General Fisheries and Aquaculture Law
(LGPA by its Spanish acronym) in 1991, which was
approved for fishing in a state of full exploitation,
which included the anchovy fishery, a phenomenon
knew as the "olympic race" occurred, where industrial
harvesters invested in more sophisticated fleets to
extract a greater portion of the quota. This overin-
vestment in the industrial fleet resulted in a new record
yield for anchovy in 1994 to 2,720,388 t. Aside from
depleting the anchovy stock, the "olympic race" also
led to Chilean history's biggest mackerel crisis (Basulto
del Campo 2014).

In 2001, fishing regulations established a maximum
catch limit per fishing ship owner (LMCA by its
Spanish acronym) for all principal fishing industries
and regulated the artisanal fishers' registry. Since the
LMCA has been established, industrial vessels' access
in the area reserved for artisanal fishers (the first five
nautical miles offshore) has been prohibited. This

regulation reduced industrial operations and operative
vessels in the artisan fleet more than doubled in this
zone from 150 in 2001 to 366 at the beginning of 2010
(Arteaga et al. 2010). It does not mean that the artisanal
fleet does the industrial work since they have less
fishing power.

When the law established classification levels in
2012 so that scientific-technical committees could
evaluate the status of biomass abundance in each
fishery, the anchovy has experienced various statuses
throughout Chile's different zones. There are three
zones in Chile: north (Zone 1), from Arica to
Antofagasta (18°28’S, 23°38’W to 23°38’S, 70°24’W);
north (Zone 2), from Caldera to Coquimbo (27°8’S,
70°41°W to 30°45’S, 71°0°W); and the central-
southern (Zone 3), from Valparaiso to Valdivia
(33°1’S, 71°37°W). The most critical zone is the
central-southern zone, where anchovy was overex-
ploited from 2013-2018, essentially because of an
indiscriminate increase in artisanal fishing (Figure 1).

Anchovy and pelagic fisheries, in general, are
managed using mono-specific criteria (Cubillos &
Arcos 2002, Gatica et al. 2007, Porobic et al. 2018), that
is, by identifying the status of a resource without
considering the ecologic or environmental context in
which that resource is found (Caddy & Sharp 1988,
Sepullveda et al. 2003, Pedraza-Garcia & Cubillos
2008).

All of the different policies that have been applied
to the anchovy fishery have been insufficient. A marine
reserve area is an efficient tool for managing fisheries
(Sanchirico & Wilen 2001, Boncoeur et al. 2002, Pérez-
Ruzafa et al. 2017) because it allows a stock of fish to
be protected from overfishing and it increases the
possibility of greater yield in fishing zones (Gofii et al.
2008). Unfortunately, in Chile, the current legislation
has not considered marine reserves as a tool in fisheries
management.

Marine reserves have been created to conserve
marine ecosystems. The idea of having a reserve came
in 1912 from of Marcel Hérubel, who developed a
theory on them. These were to be spaces protected from
fishing that could be used as a fishery management tool
(Hérubel 1912). While his ideas were not well-received
at the time, they were brought back after the 1980s with
publications by Roberts & Polunin (1991) and Harrison
et al. (2012). These authors back Hérubel's theory and
provide convincing evidence that has led to a modern
theory for designing marine reserves networks. Marine
reserves are classified as protected areas by the
International Union for Conservation of Nature (IUCN)
under category VI of protected areas for resource
management. This category of areas aims to preserve
the ecosystem, manage commercial fisheries, and
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Figure 1. Biomass status levels of the Chilean anchovy (Engraulis ringens) fishery by zones 2012-2019, from the best
situation (underexploited) to the worst (over exploited). Source: SUBPESCA (2018).

develop recreational activities. Marine reserves can
protect fish resources and aid the artisanal fishing
sector.

This study aims to evaluate the hypothetical use of
marine reserves in restoring anchovy stocks using a
bioeconomic model with data from times when the
resource was being overly exploited. In this way, we
verify the effects that the reserve would have had on
managing the anchovy fishery in the exclusive area to
the artisanal fish. Our contribution to the model is to
evaluate the fishery from a bioeconomic perspective,
considering ecologic aspects and using real data from
fisheries. This information can help establish a new
form of fishery management in Chile and allow for
more sustainable development.

MATERIALS AND METHODS

In our study, a bioeconomic model was developed,
using concepts from the marine reserve theory, we
evaluate the impact of the marine reserve as a
management policy in the south-central anchovy
(Engraulis ringens) fishery in the years before
overexploitation based on Diaz & Salgado (2006) and
Cartigny et al. (2008). In Chile, these authors claim that
the reserve area for artisanal fishing (ARPA, 5-mile
reserve zone) behaves like a marine reserve; even
though it does not have that objective, it limits
industrial use. They also show that, in the case of
northern Chile, ARPA has generated beneficial
biological effects in anchovy fishing, allowing the
regulator to decide whether to grant or deny the
industrial fleet access to the artisanal fishing area. It has
been called "perforation windows", considering the
natural transfer of biomass from the artisanal patch to
the industrial patch.

Table 1. Data used to estimate the anchovy (Engraulis
ringens) fishery (2000-2006) carrying capacity. Source:
self-elaboration. The data on biomass (t) come from the
Instituto de Fomento Pesquero (IFOP 2008).

Year t en(-r*t) Total biomass (t)
2000 1 0.792 1,200,000
2001 2 0.628 1,400,000
2002 3 0.497 1,800,000
2003 4 0.394 2,000,000
2004 5 0.312 2,400,000
2005 6 0.247 2,700,000
2006 7 0.196 2,800,000

We used information from 2000-2006 to estimate
the model's parameters, such as the ecosystem's
carrying capacity and population growth's intrinsic rate.
This period was selected because the fishery was fully
exploited with a positive population growth rate, which
the fishery has not experienced. Table 1 presents the
data with which we estimated the carrying capacity for
the anchovy fishery. The study's analysis period is from
2000-2012, using biomass, effort, capture, and capture
coefficient.

The population growth rate is estimated in the
exponential phase of the curve logistic using Equation

Bi(2004) = Bo(zooo)ert 1)

were B is the total fish biomass in t, r is the intrinsic
growth rate of the parental stock biomass, and t is
measured in years.

The exponential model indicates that the population
initial size is not relevant; it will continue growing at
the populational rate. This situation, in strict rigor, is
not effective for fish because there is a limit: the
carrying capacity. Because of that, it is necessary to im-
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Figure 2. Carrying capacity estimation for the central-southern anchovy (Engraulis ringens) fishery (K = 3,000,000).

pose the condition of carrying capacity on Equation 1,
thus providing us with Equation 2:

dB
d_to = r(Bmax - BO) 2

were Bmax IS the fish carrying capacity K in the region,
and By is the initial fish biomass. Thus, the population
grows at a per-capita rate that decreases as Bo approa-
ches Bmax, and when By is equal to Bmax, the individuals
reach a net balance equal to zero, and the population
establishes itself at size Bmax. T0 solve this model, we
integrate this into Equation 2 and obtain Equation 3:

Bo(t) =K —ce™™ (3)

With ¢ constant, Equation 3 allows calculating the
value of Bmax using a regression lag between the
population growth rate and the biomass when time
extends to infinity ¢t — oo (Fig. 2). We find that when
the population growth is zero, the carrying capacity is
3,000,000 t.

With the fishery's estimated carrying capacity (K =
3,000,000), it is possible to calculate the population's
intrinsic growth rate, r, using a logistical model.
Equation 4 shows the equilibrium between the popula-
tion's growth and vyield, where only the production
surplus is caught.

rBy(1-2) = qEB, =Y =0 )

From Equation 4, it is possible to solve and estimate
the population’s intrinsic growth rate (Equation 5). The
population growth estimation is presented in Table 2.
At equilibrium,dB/dt = 0 then, solving for r, we
obtain:

_ qEK
 (K-Bo)

(®)

where r: intrinsic growth rate, q: catchability
coefficient, E: fishing effort, measured by the number
of trips, K: carrying capacity, and Bo: initial biomass.

We also estimate the coefficient of industrial
catchability with information available between 2011
and 2012, the period in which the collapse of the
anchovy fishery began in the central-southern zone
(Table 3).

The bioeconomic model

For the bioeconomic model that we propose, the fish
population is distributed in two distinct ecosystems.
Each one of them is characterized by its dynamics and
by the union between the two zones. The area we
studied is the five nautical miles reserved for artisanal
fishing divided into two patches. The first patch (Bs) is
a reserve or protected area, a space where industrial and
artisanal fishing is prohibited. The second patch (B>) is
a space open to artisanal and industrial fishing. The
industrial fleet only operates with constant effort and
outside the first five miles offshore, with a low
probability of captures, because the resource is
distributed within five miles. Our model includes a
biomass distribution mechanism “sink-source™ in
which the fish flow from the coast to the open ocean
unidirectionally, with the coast acting as a nursery. It
has been documented that anchovy has a unilateral
migration pattern developed due to oceanographic
processes like marine currents, winds, and temperatures
(éafiez et al. 1995, Parada et al. 2013).

To better understand this model, Figure 3 shows the
dynamic between the different areas. The stock
dynamic of the fish for each patch is:

dB;

?= T'OC(Bl"l'Bz)(l_

B,+B,

‘B T (6)



216

Latin American Journal of Aquatic Research

Table 2. Population growth rate and catchability coefficient in the central-southern anchovy (Engraulis ringens) fishery
(artisanal fleet). Source: Chilean Subsecretary of Fishing and SERNAPESCA technical reports on biomass, yield, and effort
for the anchovy unit of the fishery in Valparaiso to Valdivia (SUBPESCA 2018, SERNAPESCA 2019).

Year Total biomass CPUE  Capture Effort Capture coefficient Growth rate
(t) (ttriph) (1) (trip) (@) (n
2000 1,200,000 8.7 93,400 10,708 7.27E-06 0.13
2001 1,400,000 16.0 205,800 12,848 1.14E-05 0.28
2002 1,800,000 13.2 212,600 16,069 7.35E-06 0.30
2003 2,000,000 11.6 201,765 17,337 5.82E-06 0.30
2004 2,400,000 49 77,120 15,623 2.06E-06 0.16
2005 2,700,000 12.1 226,690 18,811 4.46E-06
2006 2,800,000 31.8 386,052 12,125 1.14E-05
2007 2,400,000 12.7 206,770 16,287 5.29E-06
2008 1,800,000 14.2 266,319 18,733 7.90E-06
2009 1,000,000 9.4 132,436 14,048 9.43E-06
2010 158,200 5.6 89,638 16,148 3.51E-05
2011 124,500 4.2 61,226 14,556 3.38E-05
2012 135,500 2.6 37,399 14,229 1.94E-05
Average 1,532,169 11 169,017 15,194 1.24E-05 0.23

Table 3. Estimates of the catchability coefficient in the anchovy (Engraulis ringens) fishery in the central-southern zone
(industrial fleet). Source: biomass, yield, and effort for the anchovy unit of fisheries in Valparaiso to Valdivia. Subsecretary
of Fishing, Chile, and technical reports from SERNAPESCA 2019.

Total biomass CPUE Capture Effort -
Year o . Capture coefficient
(V) triph) @@ (rip @

2011 124,500 457 13,658 299 3.669E-04

2012 135,500 34.8 13,287 382 2.567E-04

Average 1,532,169 11 169,017 15,194 1.24E-05
2Bz — r(1—x)(B, + By)(1 — 2282y 4 T — q,E,B, — (from B1 to B), where the transfer is proportional to the
at EB K ™ relative size of the protected fish biomass until it
=152 reaches the carrying capacity. We use the pre-reserve
T=»p (%) (8) bioeconomic equilibrium equation described by

Bi: fish biomass in patch i, where i = 1, 2 (1 is the
reserve and 2 is the fishing zone), oc: level of protection
of the parental stock represented by the percentage of
the area that is protected, r: intrinsic growth rate of the
biomass of the fish stock, assumed to be equal in both
zones because the same environmental conditions are
present. K: carrying capacity of the fish in the entire
region being studied, T: net transfer of biomass from
the reserve to the fishing area (of Bi1 to B)), q;
catchability coefficient, j = A = artisanal, and j = | =
industrial, E;: fishing effort measured by the number of
trips, where j=A = artisanal and j =1 = industrial.

The system's results from Equations 6 and 7
correspond to a static balance where both populations
experience a growth equal to zero (stationary status).
Equation 8 represents the net transfer of fish biomass
(T) from the marine reserve to the artisanal fishing area

Sanchirico & Wilen (2001) to estimate this propor-
tionality (parameter b of Eq. 8). This model assumes
that the fish population's intrinsic growth rate is equal
in both areas because there are no differences in the
ecosystem, and there is no bibliographic information
related to estimating the population's growth rate (r) of
the population. The bioeconomic model posits that
artisanal fishers enter the system as if they had free
access, incentive by the benefits until the net income
dissipates, as reported by Gordon (1954) and Smith
(1968).

Under the free access assumption in the fishery, it is
possible to apply Equations 9, for effort (E) and 10, for
yield (), from Sanchirico & Wilen (2001), since the
fishing effort of anchovies increased steadily over time
as if it were free to access (pre-reserve).

E=r(1-w)-7 (9)
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Figure 3. Schematic representation of the model.
Y, = r*wj(l—wj) — bw; (10)

where r: intrinsic growth rate of the fish stock's
biomass, E;j: annual effort measured by the number of
trips, w;: biomass density (B1/K) for year j, Y;: yield for
year j in t, b: biomass transfer coefficient, Q:
catchability coefficient for the fishery,

Solving Equations 9 and 10, we obtain a value for
the biomass density (w;):
Y.

w; = -2 (11)

J _Ej*q

It is possible to solve for the biomass transfer
coefficient (b) by replacing (11) in (9). Table 4 shows
the biomass transfer coefficient estimations in the
central-southern zone fishery, using a yield coefficient
of 1.177E-05 between 2000 and 2005.

b=r*(1— Yj)—Ej*q (12)

Ej*q
Biomass movement is represented by Equations 6
and 7, where equilibrium is achieved when dBi/dt = 0,
we solve for equilibrium biomass. For both cases, Be1
and Bez, where e represents equilibrium in each patch.
It is then possible to obtain the following equations:

0=cc K —%b—quE,"~ (14)

Industrial fishing

|

Parental stock
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‘.ﬂw
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A

With equilibrium biomass (Equations 13 and 14), it
is possible to estimate the production surplus, G(B), in
function with artisanal effort while maintaining a
constant industrial effort, represented in Equation 15:

Be1 Bez

G(B) =By (1- 22) +7B,, (1- 22) (15)

K K

where G(B): production surplus, r: intrinsic growth rate
of the biomass of the fish stock, K: carrying capacity of
the fish in the entire region being studied, Bei: biomass
in equilibrium, i =1, 2 (1 is reserve and 2 is the fishing
zone).

The true economic value is thought to be the net
benefit of processing obtained in the fishmeal industry.
Because of that, our model establishes that the net
benefit derived from the fishing activity is a function of
the total sustainable income and the total costs:

= (Py — Cp) ¢ Bey — C4quE4B,, — E;C; (16)

were 1: benefit of fishmeal production from the fishery,
Pw: price per ton of fishmeal, Cp: cost of manu-
facturing, i.e. cost per ton of fishmeal produced, Be::
production surplus of the fishing area ¢: efficiency
factor in the production of fishmeal (tons of fishmeal
per ton of yield, with an approximate value of 21% for
anchovy), Ca: cost per ton of yield obtained by the
artisanal fleet, Ea: effort of artisanal fishing, C,: cost per
unit of applied industrial effort, E;: industrial effort
(total trips, with or without fishing).
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Table 4. Biomass transfer coefficient in the central-southern fishery (anchovy (Engraulis ringens)). Source: biomass, yield,
and effort for the anchovy unit of fisheries in Valparaiso to Valdivia. Subsecretary of Fishing, Chile (SUBPESCA 2018),

and technical reports from SERNAPESCA 2019. T: net transfer of biomass from the reserve to the fishing area.

Total biomass  Effort  Capture coefficient  Capture .

Year ® (trip) @ © () b Bi/Bmax T

2000 1,200,000 10,708 1.177E-05 93,400 172,489 0.40 68,996
2001 1,400,000 12,848 1.177E-05 205,800 316,762 0.47 147,822
2002 1,800,000 16,069 1.177E-05 212,600 261,636 0.60 156,982
2003 2,000,000 17,337 1.177E-05 201,765 230,142 0.67 153,428
2004 2,400,000 15,623 1.177E-05 77,120 97,617 0.80 78,094
2005 2,700,000 18,811 1.177E-05 226,690 238,311 0.90 214,480

Economic parameters considered in the benefits
estimation

We use USD 1490 t* as the price of fishmeal (Pw). For
the manufacturing process cost (Cp), We use an average
value of USD 250 t* (Jaramillo 2016). The cost per unit
of effort in artisanal fishing (Ca) is USD 391 t%, and the
cost per unit of effort or cost of a trip of one unit of the
industrial fleet (Ca) is USD 23,280 trip™. Prices and
costs have been obtained from Cerda et al. (2014).

RESULTS

It is important to remember that the results we present
here assume a condition of equilibrium of a stationary
state or zero biomass growth. Thus, all results are
gathered from static comparisons: unions of equili-
brium conditions that account for the movements from
one equilibrium to another. To simulate the model, we
used fishing efforts between 0 and 20,000 trips (within
the range of the levels observed in Chile at the time)
and different sizes of potential marine reserves,
between 0 and 60% of the total area. Also, the model
incorporates the spatial distribution component of fish
biomass and that of fishers, considering the homo-
geneous distribution of the resource. It allows relating
the percentage of area protected with biomass. These
assumptions simplify the problem's complexity and
allow reasonable results to be found (e.g. Sanchirico &
Wilen 2001, Cartigny et al. 2008).

Furthermore, our model uses the initial biomass
from 2006, given that this was the record maximum.
For the intrinsic growth rate (r) parameters, we use the
average value of 0.23, considering the average value of
both fleets' catchability coefficient (g;). The industrial
effort remains constant, and the artisanal effort is
variable because of the bioeconomic model's charac-
teristics, unlike the artisanal fleet, whose number of
vessels has increased until 2012 (SUBPESCA 2018,
SERNAPESCA 2019). The industrial fleet has not
undergone major changes for several years. For this
reason, it has been assumed that the effort of the

artisanal fleet is variable, and the industrial is constant.
While the artisanal fleet can capture recruits by
operating within 5 miles, the industrial fleet operates
outside of the 5 miles where fish biomass is not
significant relative to the artisanal area. We obtained
the following parameters and initial values of the state
variables, where Bo = B1+B; (Table 5).

Fishery biomass equilibrium

As artisanal fishing effort increases with a marine
reserve, the fishery's biomass equilibrium tends to be
lower for all levels of reserve size (Fig. 4). If the reserve
percentage or size increases from 0 to 60%, more
biomass will be protected from increases in effort.
Because of that, the reserve's protection has a negative
effect on artisanal yield. Furthermore, a reserve's
existence ensures that a certain portion of the parental
fish stock will be protected. In this case, with a 30%
level of reserve, which is considered optimal, it would
have been possible to maintain biomass equilibrium in
order to 1,000,000 t at 20,000 trips, the maximum level
of effort in this simulation (Fig. 4).

Biomass in the reserve or protected area

If a marine reserve area were created to manage the
anchovy fishery in the central-southern zone, the levels
of equilibrium biomass in reserve would increase,
facilitating a greater fishing effort. That said, in
situations where the reserve is smaller than 30%, the
protected biomass equilibrium would fall as the
artisanal fishing effort grew. Above 30%, the protected
biomass increases, and at 30%, it remains relatively
constant, which implies that the optimal level of
protection is 30% to maintain protected biomass since
it allows that the artisanal fishery continues in
profitable form (Fig. 5).

Biomass in the fishing area

Biomass equilibrium in the fishing area can be divided
into two different situations: first, without protection,
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Table 5. Values of the state variables and model para-
meters.

Endogenous

. Initial value
variables
Bo(t) 2,800,000
Bl o Bo
B2 (1-0,) Bo
Parameters Values
r 0.23
K (t) 3,000,000
b 220,204
Ja 1.17E-05
E, 340
i 3.11E-04

the fishing area's biomass is zero in levels equal to or
higher than 14,000 trips (blue line in Fig. 6). Second,
for about 14,000 units of effort, the importance of
protection becomes apparent because, with any size
reserve, there is biomass equilibrium available for
fishing, an amount that decreases as the amount of
effort increases. It is possible to observe that for
protections of 30, 40, 50, and 60%, the levels of
biomass equilibrium in the fishing area are similar, and
these levels decrease with higher levels of effort. That
is, 30% of protection is enough to allow the fleet to con-
tinue harvesting (Fig. 6). In the case of a fishery without
protection (reserve of 0%) with 18,000 units of effort,
a level equivalent to the number of trips taken in 2017
in the central-southern zone of Chile (SUBPESCA,
2018), biomass equilibrium collapses in the fishing area
without any possibility for maintaining parental stock
to support this level of fishing effort (Fig. 6). Again, an
adequate measure would have been to protect 30% of
the area, guaranteeing parental stock and maintaining
production surplus levels over time (Fig. 6).

Production surpluses

In conditions of equilibrium, sustainable yields are
equal to production surpluses, which, theoretically,
should be equal to the global catch quota determined by
the authorities, which is feasible since marine reserves
allow to have a protected parental stock, which
guarantees this proposal.

Increasing the reserve size would have two main
effects: on the one hand, it would restrict the area
available for artisanal fishing. On the other hand, it
would increase the production surplus available
because of fish migration's effects towards the fishing
area. When the fishing effort grows, the yield then
depends exclusively on the transfer of fish biomass.
More protection generates a higher production surplus
or a growing surplus level that is not caught because
these surpluses grow with the area's size in the marine
reserve. According to Boncoeur et al. (2002), the

economic benefits desired by the fishery would be
guaranteed with 30% protection. If this principle of
marine reserves were applied for fishery management,
with 18,000 units of effort and 30% protection, the
anchovy fishery in the central-southern zone of Chile
could have an annual yield in the order of 200,000 t

(Fig. 7).

Bioeconomic equilibrium: fishery income and costs

The incomes and costs of artisanal and industrial
fishing, according to the fishing effort (variable
artisanal and fixed industrial), for different levels of
marine reserve (% of protection), indicate that without
protection (0% reserve), the incomes are always higher
than the costs (green lines in Fig. 8). It might have
incentivized the increasing number of fishing vessels
that led to the anchovy fishery collapse in Chile's
central-southern zone. In Figure 8, it is also possible to
observe that, hypothetically, with levels of protection
above 30%, it would be possible to achieve bioe-
conomic equilibrium (a level of effort where the total
costs are equal to the total incomes) approximately
13,000 units of effort. Given the conditions of effort
used in 2017 by 18,000 trips with a 0% level of
protection and has established the relationship between
the benefits and the cost of the fishery in a condition of
equilibrium, we can confirm that bioeconomic
equilibrium was not achieved in the Chilean anchovy
fishery and the fishing effort increased.

DISCUSSION

This study has extrapolated the state of bioeconomic
variables in the Chilean anchovy fishery's central-
southern zone, evaluating other marine reserves' size
effect. The simplicity of the bioeconomic model we use
gives us a closer view of what happened during the
period under study (2000-2012), highlighting how the
artisanal fishing effort grew to surpass the bioeconomic
equilibrium of 13,000 units of effort.

This study responds to the question posed by the
United Nations Convention on the Law of the Sea
insists that researchers and policymakers must
determine what kinds of holistic policies can be
implemented to manage fisheries to protect and sustain
biodiversity. Using marine reserves and modifying
fishing techniques are conservation measures that most
experts agree upon (Worm et al. 2009, Hilborn &
Ovando 2014, Costello & Ballantine 2015, Hilborn
2016, Jupiter et al. 2017, Chapsos et al. 2019).

Due to a global quota distributed among vessels
which were increased every year since its initial
proposal, especially in Chile's central-south zone
(SUBPESCA 2018), and due to the high price of
fishmeal during the researched years, there was a higher
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incentive to increase levels of fishing effort. Exceeding
the initial quotas revealed a non-precautionary approach
to managing the fishery, which led to the anchovy
fishery's inevitable collapse. In a sense, the fishery
operated as if it were open access. It was encouraged by
the "olympic race" phenomenon (Conrad & Clark 1987,
Clark 1996, Anderson 2000), inevitably leading to
overinvestment in more efficient fishing supplies so

that harvesters were better able to compete for access to
this resource. A result that Hardin (1968) predicted for
a society that believes in freedom of the commons:
"ruin is the destination toward which all men rush, each
pursuing his own best interest ..." (Hardin, 1968).

Our model results reveal the important role that
protecting part of the resource plays in the fishery's
stability. They emphasize the importance of using mari-
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ne reserves as a management policy to protect a
percentage of the parental stock because it indirectly
regulates effort and obligates harvesters to operate
close to the bioeconomic equilibrium. From a mana-
gement perspective, marine reserves are an efficient
tool. However, it is necessary to study and incorporate
the climate change effect into the model, especially on
the spatial distribution of the resource and the
population's specific growth rate. More importantly, is
the effect of climate variability due to its impact on fish

stock (abundance and biomass) and fishery mana-
gement instruments over time.

Future studies must consider in situ measures for
migration or displacement of anchovy from the
protected area to the fishing grounds to improve the
model's reliability. That said, this study, which
considers the theoretic model of transfer proposed by
Sanchirico & Wilen (2001), presents a simulation that
can be used for decision making. As Boncoeur et al.
(2002) have indicated, static modeling of the problem
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allows us to evaluate the fishing effort, biomass, and
benefits for different levels of fishery protection, giving
us more information that we would be able to get
empirically, findings confirmed by like Bohnsack
(1996), Parrish (1999), Jennings (2000), Li (2000),
Mangel (2000) and Cartigny et al. (2008).

Reserves reduce uncertainty in the valuation of
biodiversity and the stock's economic value and, thus,
allow us to control the effort, which guarantees the
sustainability of the fishery and improves the quality of
management. These findings are in line with, Guénette
et al. (1998), Lauck et al. (1998) and Boncoeur et al.
(2002). The success of these reserves is possible,
provided that a bioeconomic model can be designed for
the fishery that allows management to calculate the
trade-off between conservation and the pressure of an
increasing fishing effort (Cabral et al. 2019).

One critical aspect of modeling is determining the
fish's intrinsic population growth rate (y;) and the
biomass transfer coefficient (b) from the reserve area to
the fishing grounds since the model results depend on
these parameters. So long as these parameters are well-
estimated, the model presented here offers many
advantages because it uses easy-to-access public
statistical data and generates reliable results consistent
with bioeconomic research on fisheries. The fish (b) at
levels of protection over 30% has a negative impact on

production surplus because harvesters have less
possibility of catching the protected surplus. As the
number of fishing vessels (effort) grows, the biomass
transfer from the protected zone to the fishing area
becomes more important because the yield depends
mainly on this transfer and protection level. The 30%
protection level is consistent with that reported by
Krueck et al. (2017), who carried out a theoretical
analysis on marine reserves' ability to rebuild overex-
ploited fisheries. They assert that reserve networks can
realistically protect between 10 + 30% of the fish
habitats in reserves of 1 + 20 km wide, which would
benefit almost any fishery's long-term productivity. In
this modeling, the artisanal fleet's effort is considered
variable as it has exclusivity within 5 miles, and a
considerable increase of this fleet is observed in the
study period. Given this, it is difficult for the industrial
fleet to grow as its capture is subject to the artisanal
fleet's movements. Given the unlikely situation that the
industrial fleet will increase, it would only generate
overinvestment, and it would self-regulate since the
anchovy is a coastal pelagic resource, concentrating
mainly within 5 miles.

This study outlines the economic advantages of
using marine reserves as a tool for fishery management.
Holland & Brazee (1996) demonstrated that even the
fisheries that have been most damaged by overex-
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ploitation could be rebuilt by implementing protected
areas of marine reserves. Halpern et al. (2009) and
Pérez-Ruzafa et al. (2017) have confirmed the ample
ecological advantages of reserves. Finally, McGowan
& Possingham (2015) and Starr et al. (2015) have
indicated that the benefits of reserves range from an
increased richness in species (biodiversity) to larger
fish biomass and more complex habitat, both inside and
outside of the reserve. Furthermore, these two last
authors indicate that marine reserves provide important
financial gain through tourism-related income, and they
provide greater opportunities for community education
and recreational activities.

According to Boncoeur et al. (2002) and Pérez-
Ruzafa et al. (2017), the potential biological benefits of
establishing a marine reserve are that reserves: 1)
preserve the regional biological diversity at all levels,
including habitats and marine landscapes, as well as
genetic diversity, allowing for natural selection to
function adequately; 2) protect biomass during their
spawning periods; 3) maintain a source of recruitment
in areas surrounding fishing grounds; 4) replace
supplemental stock in fishing areas through immi-
gration; 5) maintain the age structure of the natural
population in the reserve area, thus maximizing
potential fertility and facilitating biomass transfer to
occur from the nucleus of regulated areas; 6) maintain
areas with calm, noise-free habitats, which alleviates
stress on the fish; 7) allow for natural variability in
order to differentiate the effects of regulation and
provide appropriate sample situations for control
groups; and 8) protect fisheries from potential
management failures.

It is essential to change from a traditional paradigm
to a more integral, holistic approach to fishery
management by focusing on ecosystems. A good
example of this is currently playing out in Indonesia,
where ecosystems are considered fishery management's
focus. It is the best and most practical approach to the
fisheries' long-term sustainability and the eco-systemic
services they provide society (Muawanah et al. 2018).

CONCLUSIONS

According to the model presented in this paper and the
results we obtained through it, the anchovy fishery's
collapse in Chile's central-southern zone between 2013
and 2018 could have been avoided. Designating a
percentage of a fishing area for a marine reserve
guarantees sustainable yields for artisanal fishers. The
optimal level of protection is 30% of the fishing area,
allowing the fishery to be managed at high levels of
effort, including the 18,000 trips registered in 2017.

This level of protection guarantees yields for the
artisanal harvesters who must coexist with the
industrial fleet. We have demonstrated that the
bioeconomic model presented here can be a useful tool
that helps guarantee fisheries' sustainability. The
proposed solution is viable so long as there is a legal
and regulatory framework that includes the marine
reserve area as a fishery management policy and that
includes the considerations of artisanal fishing
communities.
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