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Abstract :

This paper aims at explaining the recent rise in profits in the French Guiana shrimp fishery (FGSF) despite
the overall fall in activity observed between 1990 and 2009. We develop a stochastic search-matching
version of the usual Cobb-Douglas bioeconomic fishery model. In this version catch per unit effort
becomes endogenous, decreasing in the ratio of empty vessels to escaped fish, which we call “anthropic
pressure” and which is determined by standard profit maximization. We first estimate the stochastic
harvest function, which exhibits nearly constant returns to scale. We then show that a decrease in
equilibrium anthropic pressure and congestion between vessels may be more than compensated by the
consecutive rise in catch per unit effort. This leads to a fall in average harvesting costs and thus, to a rise
in profits. In addition, we identify the condition under which a search-matching fishery, working under open
access, could reach a maximum economic yield equilibrium, which corresponds to a very particular case.
Finally, the model makes it possible to evaluate the actual catch per unit effort and explain how the FGSF
changed over the period considered with the help of the open access and maximum economic
yield frameworks.
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1 Introduction

Shrimp is nowadays the most consumed and one of the most internationally
traded fishery products in the world, representing 16 % of world fishery ex-
ports (FAO, 2008) and a major source of value for French Guiana, where it
is the third largest export sector of the country (25% of the total volume).
The French Guiana waters are home to numerous species, with shrimp be-
ing one of the most harvested for its economic value. Two slightly different
species represent the bulk of the harvest in the French Guiana shrimp fish-
ery (FGSF), brown shrimp and pink shrimp (resp. Farfantepenaeus subtilis
and Frafantepenaeus brasiliensis). F. Subtilis represents more than 85% of
shrimp landings. The FGSF started in the late 1960s with the activity of
US and Japenese fleet (Sanz et al., 2017). Since 1992, the entire fleet has
been solely made up of French trawlers targeting shrimp on the continental
shelf. After twenty years of sustained growth, the FGSF started to experi-
ence major difficulties, as indicated in Fig. 1. Shrimp stocks have steadily
decreased over the past two decades, though certain management measures in
compliance with European legislation have been implemented. First, spatial
restrictions in order to limit the impact of trawling on juvenile shrimp have
been decided, and trawling is currently forbidden in inshore waters less than
30 meters deep. In addition, a total allowable catch (TAC) of 4108 tons/year
was adopted in 1983, although it has only been reached in 1997. Lastly,
a license system was introduced in 1991 to limit total fleet size. However,
except in 1993, the number of available licenses has never been granted. Ac-
cording to the distinction proposed by Homans and Wilen (1997), the FGSF
thus seems to have operated under a kind of restricted-regulated open access
regime (FAO, 2008), without the above legal constraints having succeeded in
stabilizing shrimp stocks. In order to explain the observed drop in shrimp
stocks, Diop et al. (2018c, 2018b, 2018a) highlight the role of, respectively,
global warming, changes in mangrove surface area, and the combined ef-
fects of these two phenomena. However, the most striking fact is that the
consecutive marked drop in both fishing effort and harvest did not lead to
the expected corresponding decrease in the overall level of profits. On the
contrary, profits remained broadly positive over the same period, and have
even increased during the last few years (Fig. 1). The way how profit data
were estimated is detailed in Diop (2016). Thus, the observed trend in the
rent generated by the FGSF over the period 1990-2009 constitutes a kind of
paradox that is worth being further investigated and understood.

The fact that technical conditions for harvesting and nominal input and
output prices remained largely unchanged in the FGSF between 1990 and
2009 suggests that the recent rise in profits mentioned above, at first glance
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Figure 1: Actual stock, fishing effort, harvest, and profits levels in the FGSF
between 1990 and 2009. a- Horizontal lines on the diagram of the trend of
the number of vessel symbolize licenses. c-The quota is symbolized by the
horizontal line on the diagram of the historical evolution of harvest.



surprising, could be explained by a drop in average harvesting costs and more
precisely, in target search costs. Search costs are highly variable since they
depend directly on the duration of the search process for fish and thus, on
the probability of finding it. Since fish distribution is often patchy within
fishing areas, harvests may vary considerably over time. Unlike other nat-
ural resources where search effort plays an important role (such as oil ex-
ploration), fish harvest is complicated by the movement of fish, that must
still be localized precisely even if they are known to be present. The target
detection process thus often represents the most time-consuming and there-
fore the most costly activity when compared with catch per se. In addition
to the usual cost of fishing effort, which encompasses in particular vessel
maintenance and crew wages, fishing firms must often allocate specific re-
sources to the acquisition of information concerning the location, size, and
quality of fish. Starting in the early 1980s, several works have underlined
the fact that the corresponding expenditures in fuel consumption, invest-
ments into detection equipment, etc. often represent the largest share of
total costs for fishing firms (Mangel and Plant, 1985). Numerous examples
of fisheries in which significant effort is devoted to the search activity itself
are identified by Mangel and Clark (1983), although, in aquaculture or for
some easily locatable species, search activities and their associated costs may
be much lower (Bjorndal et al., 1993). Nevertheless, most canonical models
used in the economic literature concerning fisheries (Cobb and Douglas, 1928;
Gordon, 1954; Beverton and Holt, 1957; Schaefer, 1957; Clark and Munro,
1982) are of deterministic nature and voluntarily neglect the search activity
itself, which prevents them from providing an accurate and realistic descrip-
tion of fish harvesting!. Among the rare studies on search activity, Mangel
and Beder (1984) model search activities as stochastic Poisson processes and
determine the optimal allocation of search effort between several historical
fishing grounds, taking into account the stochastic fish distributions among
them?. Some population models explicitly introduce stochasticity faced by
fishing firms into standard models, but only with regard to fish stock dy-
namics and not the harvest process per se (e.g. Reed, 1978; Sethi et al.,
2005; Singh et al., 2006). A parallel line of research focuses on empirically
identifying certain latent fishery attributes such as the stock size, but from
a scientific or managerial point of view (Zhang and Smith, 2011). This line
focuses also on developing spatial models of endogeneous fishing location
choice, but in terms of a trade-off between exploitation of the main target

1See e.g. Munro (1992) for a survey on mathematical bioeconomic fishery models.
2See also Mcconnell et al. (1995) for a use of Poisson processes in the modeling of
sportfishing.



and its associated bycatch (e.g. Abott and Wilen 2011). As can be seen,
studies on the precise role of search activities for a particular target and
the related costs are quite old and unsatisfactory. Literature on modelling
the economics of fisheries has focused on the analysis of markets for fishery
products and on evaluating different fishery management strategies (Clark,
1990; Schaefer, 1954). However, the standard model introduces empirical
problems like natural variation on biological dynamics and stochastic shocks
on production function. Very little attention has been directed at describing
fishing as a complex process that consists of a number of inter-related ac-
tivities. An extensive theoretical treatment of search in fisheries is given by
Mangel (1982), and Mangel and Clark (1983).

This paper aims therefore at explaining the changes in the FGSF between
1990-2009 by taking into account the time necessary for target detection that
characterizes most of fish harvesting activities, and the costs that are asso-
ciated to it. In order to take into account explicitly catch uncertainty, we
adapt the search and matching model of Pissarides (2000), which describes
the meeting between workers and firms in the labor market as a result of
a stochastic Poisson process, to the case of fisheries. In our version of Pis-
sarides’ model, fish are scattered throughout the fishing area, and catch per
unit effort (CPUE) depends on the ratio of the number of empty vessels to
the number of escaped fish units, which we call “anthropic pressure”. Nev-
ertheless the relative abundance of French Guiana shrimp is probably not
uniformly distributed in sapce (Martin et al., 2015). Since the number of
empty vessels sent to sea, which represents search effort, is explicitly derived
from profit maximizing behavior, anthropic pressure and therefore CPUE are
both endogenous. Our framework thus constitutes an important departure
from standard fishery models, which consider CPUE as given. Moreover, it
makes it possible to highlight the role played by congestion effects between
vessels in the FGSF, which appears to be important in other fisheries such
as the North Carolina shrimp fishery (Huang and Smith, 2014). Lastly, the
fact that the search process is assumed not to be instantaneous implies that,
at any moment in time, there always remain some escaped fish. This makes
it possible to determine an equilibrium level of escapement in the fishery and
to highlight the factors that influence it, i.e. to propose a novel analysis
framework for animal resource harvesting. The model also highlights the
sensitivity of several variables typical of fisheries - such as the levels of an-
thropic pressure, search effort, and harvest, the state of stock conservation,
the average duration of fishing trips, and fleet size - to exogenous economic,
technological, and biological changes. The theoretical model is developed
under the open access (OA) and maximum economic yield (MEY) regimes,
both of which used to interpret developments in the FGSF between 1990 and



2009.

The paper is organized as follows. Section 2 presents the basic fishery
model. Section 3 determines the equilibrium of the fishery when it oper-
ates in an OA environment, where firms seek to maximize their profit in
a decentralized manner. This section highlights the sensitivity of the fish-
ery to changes in exogenous parameters in the long run. Section 4 studies
the behavior of the fishery when it is managed in a totally centralized way
and establishes the condition under which both the OA and MEY equilibria
match. Section 5 uses the results obtained in Sections 3 and 4 to interpret
the current trend in the FGSF in light of both reference regimes and presents
some concluding remarks.

2 The model

In the present model, empty vessels search for fish in a situation of imperfect
information about its location. Production is not modeled as a continuous
process with varying intensity, but as instantaneous, with searching for fish
being considered time consuming. The fishery is made up of fish units (in-
dividuals of any size, tons of fish, schools...), and fishing firms each having a
single vessel that is either empty, i.e. searching for fish, or filled with a unit
of fish. At each instant in time, a number B of new fish, where B stands
for the shrimp stock population growth, arrive into the fishery, and H fish
are met and caught by vessels. We assume that the time required to harvest
is negligible relative to the time required to find fish, and thus, that once
a unit of fish has been found by a vessel, it is instantaneously caught and
removed from the fish pool. Thus, at any moment in time, the total number
of available fish units in the fishery, X, is equal to the sum of the H found
and thus harvested fish units, and the U uncaught/escaped fish units. In
line with the literature about fisheries, variable U will be called uncaught
or “escaped” fish (see e.g. Reed, 1978) and be interpreted as an indicator
of fish stock conservation status. We also assume that each vessel can only
load a single unit of fish. We further suppose that once they have caught
a fish unit, vessels must unload it before being able to catch another one.
The number of empty vessels, E, that fishing firms decide to send to sea
for a fishing campaign, represents "fishing effort", as in the literature. Only
escaped fish units and empty vessels take part in the harvest process; they
are randomly selected from the sets U and F.



2.1 Harvest and CPUE technologies

This first section gives a detailed description of the harvest process, i.e.
the properties of the harvest function. Moreover, it estimates its parameters
with the help of data concerning the FGSF. Finally, it determines equilibrium
escapement in the steady state. Following Pissarides (2000), we assume that
a Cobb-Douglas harvest function, H, gives the result of harvest per unit
time, ¢.e., the number of fish units met and thus caught by empty vessels.
This harvest function depends on both the U escaped fish units and the F
empty vessels as follows:

H(E,U) = qU“E" (1)

where ¢ denotes catchability, and o and 3, the elasticities of harvest with re-
spect to escapement and search effort, respectively. Ifremer (French Research
Institute for Exploitation of the Sea) provides information about French
Guiana shrimp stocks, which are evaluated using the Virtual Population
Analysis (VPA) method (Sanz et al., 2017), harvest, and fishing effort (num-
ber of days at sea) for the period 1990-2009. This allows escapement to be
calculated, since U = X — H. As far as search effort is concerned, it can
be evaluated by assuming that vessels are searching for fish, and hence are
remaining empty, as long as they stay at sea, which makes it possible to use
the number of days at sea (soak length) as a proxy of the number of empty
vessels, F.

Table 1. Parameter estimates of the harvest function
for the FGSF between 1990 and 2009

H = qU°E®
Log(H) = Log(q) + aLog(U) + BLog(E)
q 4.48 (0.054) *
o 0.65 (0.000) **
15} 0.29 (0.0022) **
Number of observations 20 Heteroskedasticity Test: White 5.60
R2 0 0.944 R2 adjusted : 0.938
JB (Jarque Bera) : 5.14 P-value in parenthesis, *significant at 95%, **significant at 99%
LM (Lagrange Multiplier) statistic : 1.78 DW (Durbin Watson) : 1.51
Hypothesis test of Q¢ 4 6 =1 Prob. : 0.31

As shown in Table 1, empirical evidence for the FGSF indicates that
returns on fishing effort are quite low, which means that participation ex-
ternalities, arising from e.g. information sharing betweeen vessels about the
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location of fish, are rather weak in the FGSF. The parameter have been esti-
mated by a log-log OLS model as specified in Table 1. The LM test statistic
for the null hypothesis of no serial correlation indicates no serial correlation
in the residuals. The White Test statistics in Table 1 rejects the hypoth-
esis of heteroskedasticity. At last, Hausman test (Hausman, 1978, Sanz et
al, 2017 ) rejects the endogeneity of the variable U in the harvest function.
Moreover, the results obtained also show that returns to scale in the FGSF
are nearly constant. Table 1 details the corresponding results and indicates
more particularly that the hypothesis oo + 3 = 1 is accepted®. The con-
stant returns to scale assumption adopted from the above empirical results
has an implication of particular theoretical interest, since it implies that the
harvest function is homogeneous of degree one, which makes it possible to
write the rate (frequency) at which vessels catch fish units, i.e. CPUE, as:
H((U,E)/E=H(U/E,1) =m(#), where:

E
0=— 2
z )
From Egs. (1) and (2), the function m () thus has the following form:
m () = q0™" (3)

where a = 1 — [ therefore here stands for the elasticity of CPUE with respect
to anthropic pressure. Being equal to the ratio of search effort to escapement,
the variable @ constitutes an appropriate indicator of the level of anthropic
pressure that fishing firms apply on the fish stock. Since, as we shall see, 6
will be determined by fishing firms’ economic decisions, CPUE will also be
endogenous. This constitutes the major departure of our framework from
the traditional Gordon-Schaefer and Cobb-Douglas models. Moreover, Eq.
(3) and the positive estimated value of « estimated in the case of the FGSF
(see Table 1) imply: m'(f) < 0. This means that an increase in anthropic
pressure yields a decrease in CPUE in the fishery. More precisely, if the ratio
of empty searching vessels to escaped fish increases, the probability of finding
fish for the average vessel, m (0) dt, decreases (there is stochastic rationing),
and the probability of being caught for the average fish, #m (0) dt, increases,
and conversely. Thus, the above results indicate that generally speaking
in the FGSF, negative congestion externalities between vessels are stronger
than positive participation externalities, which seem to be low, as mentioned
above. As this paper will show later, the present model precisely highlights
the central role played by congestion effects in the working of the FGSF.

3As in Sanz et al. (2017), a problem of simultaneity bias may occur with the function
H since empirically, the stock level may be evaluated on the basis of harvest. Here, the
stock series has been corrected in order to avoid this possibility.
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2.2 Steady state escapement

In this subsection, we focus the analysis on fish conservation, i.e. on the de-
termination of steady state escapement, U. According to the harvest function
(1), the process that makes a unit of fish meet a vessel is Poisson process with
parameter H (U, E)/(U)*. From the homogeneity property of the harvest
function, H (U, E) /U = (E/U) H (U/E, 1), we have:

H

U
By construction, fm (6) indicates the rate at which fish is caught by vessels®.
Hence, the mean number of still uncaught fish that are captured by vessels
during a short time interval is: Hdt = Om (0) Udt, where 6m (0) dt reads
as the fish’s transition probability, and 1/ [#m (#) 6t], the period at the end
of which fish is being caught. The change in escapement is given by the
difference between the number of new safe fish that arrive in the fishery,
which corresponds to fish stock natural growth, B, and the portion of the
fish stock that is caught by vessels, H. Thus we have: U= B— H. In the
steady state, U = 0, which implies:

H=DB (5)

= 0m (0) (4)

Thus, in the steady state, vessels catch all new fish that arrive in the fishery.
Inserting Eq. (5) into Eq. (4), and isolating U yields:
B
U=—— 6
Om (0) (©6)
Eq. (6) is the stationary condition and the first key equation of the model.
It indicates that, in the steady state, escapement logically increases with
natural growth and decreases at the rate at which fish is being caught by
vessels. Since, as already stated, 6 is set from firms’ maximizing behavior, U
is also endogenously determined in the model.

3 Open access equilibrium

In this section, we determine the OA equilibrium of the fishery, assuming
that there is free entry and exit of firms into and out of the fishery.

4The Poisson process is also applied by Clark and Mangel (1984) to animals searching
for forage in order to study the role of information in their foraging strategies.

5For the sake of clarity, we assume here that found fish are systematically caught and
therefore definitively eliminated from the stock. The possibility of discarding behavior by
fishermen, although important, is left for future work. Moreover, bycatch phenomena are
also voluntarily ignored here.



3.1 Firms’ decisions and equilibrium anthropic pres-
sure

This subsection is devoted to the determination of the equilibrium level of
anthropic pressure, #, which is derived from fishing firms’ microeconomic
decisions. We assume here that fishing activities are totally decentralized, so
that individual firms take the level of aggregate variables, such as escapement,
as given when maximizing profits. In our setting, firms decide whether or not
they send empty vessels to sea to search for fish. The process that changes
the state of an empty vessel is a Poisson process with rate H (U, E) / (E) =
H (U/E,1). Written differently:

2 —m) @
In Eq. (7), since m'(0) < 0, the catch level per unit effort/empty vessel
decreases with the level of anthropic pressure exerted within the fishery.
During a short time interval ¢, an empty vessel catches fish at a rate m (6),
or with probability of m (6)dt, which implies that the mean duration (or
“period”) during which a vessel remains empty is equal to 1/m (6). Firms
maximize profits dynamically, but in a stationary biological environment
imposed by Eq. (6). An empty vessel searching for fish costs S per unit
time, and after having found fish, harvests it instantaneously. We assume
that S integrates all the costs that are necessary to equip a vessel for a fishing
campaign (crew wages, fuel, etc.)’. Firms have a positive discount rate, r,
and seek to maximize profits. They have full knowledge of the harvest process,
but do not coordinate their actions and consider the catch probabilities as
given. Let Wg and Wy be the present discounted value of expected flows
of future profits from an empty vessel and a full vessel, respectively. After

performing several calculations, Wx and Wy can be written as (see Appendix
A):

TWE = -5 +m ((9) (—WE + WF) (8)
We = r(l+Wg) (9)

In a perfect capital market, the valuation of their vessels by fishing firms is
such that, whatever the state of the vessel (empty or full), the capital cost,

OLike Mangel and Clark (1983), we assume here that the search component of fishing
operations is the most important stochastic consideration. What fishing firms can do about
the uncertainties concerning weather or stock size and quality is negligible in comparison
to what they can accomplish in the way of locating fish (see also Mangel and Plant, 1985,
on this point).
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rW, is exactly equal to the rate of return on the vessel. In Eq. (8), an empty
vessel costs S per unit time and is being filled at rate m (), which makes
the fishing firm lose the value of an empty vessel, Wy, and earn the value of
a full vessel, Wr. In the steady state, since the change in vessel status from
full to empty is instantaneous, W is independent of the interest rate and is
equal to the harvested fish unit, and the value of an empty vessel, Wg'.

We assume that firms maximize profit by sending vessels to sea until the
present-discounted value of the expected profit from the last engaged empty
vessel is equal to zero (Wgr = 0). This assumption ensures that all fish
production opportunities are exploited by firms. Since each firm only owns a
single vessel, this assumption corresponds to a zero-profit condition applied
to the fishery as a whole, and thus represents the OA situation. Applying
Wg = 0 to Eq. (8) and isolating Wr gives Wr = S/m (6): in equilibrium,
the number of vessels sent to sea by firms is such that expected profit from a
full vessel, W, is exactly equal to the expected cost of an empty vessel, i.e.
the per unit time search cost, S, weighted by the rate at which fish is being
caught, m (#). Continuing to use Wxr = 0 in Eq. (9) leads to Wr = 1. Still
using Wg = 0 in Eq. (8), dividing all terms by m (6), and rearranging, leads
to: m(f) = S. In equilibrium, firms’ instantaneous profit, net of average
search cost (S/m(0)), is equal to zero or, expressed differently, marginal
benefit equals marginal cost. Lastly, isolating m (6) gives implicitly the OA
equilibrium value of anthropic pressure:

m<90A> =5 (10)

Eq. (10) is the second key equation of the model. It is a marginal condition
which indicates that fishing firms send empty vessels to sea until the catching
rate, m (o), which represents the number of fish units caught per unit time,
covers totally the (real) cost of the last vessel sent. Since m’ () < 0, it also
shows that equilibrium anthropic pressure logically decreases with the search
cost. Since it is derived from fishing firms’ economic decisions, Eq. (10)
constitutes the driving force of the model under OA. Furthermore, this is the
main innovative feature of the present framework since it implies that CPUE
is endogenous. This contrasts with the existing literature concerning fishery
economics, where effort, £ = H/m (), has constant marginal cost, say c,
which immediately implies that m (6) = ¢, and thus an exogenous CPUE.

"Here, the vessels owned by firms may be interpreted as assets. Eqs. (8)-(9) correspond
to what is called in financial economics “Capital Asset Pricing Market” (CAPM) equations.
In a more general context, Scott (1955) suggests to treat stocks of natural resources as
assets as well.
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3.2 Overall outcome

The model is made up of a system of five equations (2), (6), (7), and (10),
and four unknowns, 0pa, Hoa, Foa, and Up4, whose OA equilibrium values
are given by®:

bor = (4)° (1)
Uos — B<Slq_a)& (12)
Eoxa = g (13)
Hos — B (14)

The signs of the effects of changes in the technological, economic, and bio-
logical parameters on the endogenous variables of the model under OA are
summarized in Table 2:

Table 2: Sensitivity analysis of the OA equilibrium
0oa | Uoa | EFoa | Hoa

q | + - 0 0
S - + - 0
B | + + + +

Equilibrium anthropic pressure increases in catchability and decreases in
the vessel cost, the equilibrium number of uncaught fish decreases in catcha-
bility but rises logically in the search cost and natural growth, fishing effort is
independent from catchability but decreases in the search cost and increases
in natural growth, and equibrium harvest only depends on natural growth
in the steady state. Notice that the equation giving OA equilibrium fishing
effort can be alternatively written as: SEp4 = B. The latter equation clearly
shows that fishing firms send empty vessels to the sea until natural growth
covers exactly the cost of all vessels sent. Graphically, the equilibrium of the

8The closing of the model may be undertaken as follows. Using Eq. (3) to isolate 6 in
Eq. (10), one finds the OA equilibrium value of anthropic pressure, which is given by Eq.
(11). In addition, inserting Eq. (11) into the steady state escapement equation, Eq. (6),
and isolating U yields the expression of OA equilibrium escapement. Then, recalling the
definition of anthropic pressure given by Eq. (2), isolating F and replacing 6 and U by Eq.
(11) and (12) respectively leads to equilibrium search effort under OA (Eq. (13)). Now,
inserting Eq. (12) and Eq. (13) into Eq. (1) and simplifying make it possible to check
the entire model by finding Eq. (14), which is the same as the steady state condition (Eq.

(5))-
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Figure 2: The open access search-matching fishery equilibrium

fishery can be represented by the intersection of two curves, the Escapement
Curve (EC) and the Search Effort (SE) curve, given by Eq. (6) and Eq. (10),
respectively’. The overall situation is depicted in Fig. 2. As can be seen,
the EC curve is decreasing and convex in the (U, E) space. As the number
of empty vessels falls along the EC curve, the global harvest level decreases,
which mechanically translates into a rise in escapement. In other words, the
reduction in search effort, E, and the simultaneous rise in escapement, U,
make anthropic pressure, and thus the probability for a fish to be caught by
an empty vessel, Om (), decrease. Eq. (6) then indicates that for escape-
ment to remain constant in the steady state, the number of empty vessels
engaged in the search must decrease. Conversely, a higher search effort cor-
responds to lower escapement. As far as the SE curve is concerned, Eq. (10)
clearly indicates that it is linear in U, passing through the origin in the (U,
E) locus, with slope 6. An increase in U leads to a reduction in # which
makes CPUE, m (0), increase (m'(f) < 0). This in turn makes the cost per
unit search, S/m (), decrease, which induces firms to increase search effort,
E.As far as the exogenous shocks that may affect the fishery are concerned,
neither changes in the catchability parameter, ¢, over time nor changes in the
search cost, S, explain the simultaneous falls in fishing effort, harvest, and
escapement in the FGSF between 1990 and 2009. Indeed, Table 2 indicates

9Tn the present example, the equations of the EC and SE curves can be obtained
respectively by replacing 6 by E/U and isolating E in Eq. (6) and (10), which leads to
—a —a —a 1/«
Epc = (BJq)"/4~® U=2/0-) and Egp, = ($)/°U.
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that a change in ¢ has no effect on E and H, and that it has an negative
impact on U, whereas a variation in S lowers E, has no impact on H, and
raises U. However, a reduction in natural growth per stock unit, B, leads si-
multaneously to the falls in £, H, and U observed empirically. An exogenous
reduction in B induces vessels to decrease their harvest level in the steady
state (Eq. (5)). The reduction in harvest implies that, for profits to remain
null under OA, the average cost per unit search (S/m (f)) must also decrease
(Eq. (10)), which implies, for a given search cost, S, an increase in CPUE,
m (#). This rise in CPUE comes from the weakening of the congestion ef-
fects at work within the fishery and corresponds to a reduction in the level
of anthropic pressure, 6 (m’ (f) < 0). It is worth noting here that the rise in
CPUE may even occur after a slight reduction in anthropic pressure, if the
value of the elasticity of m (f) with respect to 6, i.e. «, is sufficiently high.
As already shown, this is especially the case in the FGSF, where « close to
one. From a reduction in H, coupled with a rise in m (), Eq. (7) implies an
unambiguous reduction in E. Finally, since by definition U = E /6, the net
effect on U remains theoretically ambiguous, since it depends on the value of
a (Eq. (6)). This statement can be confirmed by observing Fig. 2, where a
reduction in B is represented by the combined downward movements along
the ER and SE curves, which lead to an unambiguous reduction in E but
to an undetermined change in U. Nevertheless, in the case of the FGSF,
a reduction in B leads to an unambiguous reduction in U. This result can
be explained with the help of the steady state constraint given by Eq. (6),
which indicates that a fall in B, and thus in #, has an ambiguous impact
on U. However, Eq. (11) clearly shows that a reduction in B is followed
by a stronger reduction in 6 (since o < 1), so that U should increase in Eq.
(12). The only additional mechanism that may lead to an overall reduction
in U is thus necessarily a stronger rise in CPUE, m (), resulting from the
reduction in anthropic pressure and the congestion effects. In other words,
after a negative change in natural growth rate of the stock, the fall in the
number of vessels that search for fish allows the remaining vessels to catch
fish more easily, which results in reduced escapement.

4 Maximum economic yield equilibrium

In this section, we would like to examine the case where the present search-
matching fishery works under a MEY regime. In order to do so, we now
assume that the fishery is managed in a totally centralized manner by, say, a
regulator, who has a positive discount rate, r, and who maximizes profits. We
assume that firms’ profit is equal to the number of harvested fish units, H,
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less the cost of an empty vessel, S, multiplied by the number of empty vessels,
E. From Eq. (6), we can express the objective function of the regulator as
follows:

Q= / T (H = SE) et (15)

Hence, the regulator maximizes 2 with respect to 6, subject to the technolog-
ical constraint given by Eq. (1)) and the escapement dynamics, U=B-H.
Solving the regulator’s program then leads to the following implicit equation
for optimal anthropic pressure, 6 (see Appendix B):

T+ (0)om(0)
m (6)

1—n(0) S=0 (16)
In order to identify the conditions under which the fishery under OA works
optimally, Eq. (11) can be rewritten as Eq. (16) in the following way:
1—.S5/m (#) = 0. This enables to see that ps = Oy if n(6) =0 and r = 1.
Thus the present fishery would work optimally under OA if the elasticity of
CPUE with respect to anthropic pressure equalled zero and the regulator had
the strongest preference for present. The condition 7 (6) = 0 corresponds
indeed to the extreme situation where CPUE, m (), is independent from
anthropic pressure, 6 (see Eq. (3)). In this a case, congestion effects between
empty vessels are non-existent, which allows for reaching the highest CPUE
level. The condition » = 1 stems from the fact that the intertemporal value
of a full vessel and thus, OA equilibrium anthromic pressure, do not depend
on the interest rate which implies that both regimes’ equilibria are only
comparable when the regulator values the current period only.

5 Empirical results

In order to plot the changes over time in the most representative endogenous
variables of the model, we follow Martinet and Blanchard (2009), who retain
the following logistic-type function for describing the shrimp stock population
growth:

K

where ¢ represents the maximum relative growth or “intrinsic growth rate”,
which is related to the studied species, and K, the carrying capacity, which
depends on the characteristics of the species’ natural environment, such as
the size and the biological productivity of the habitat. Both parameters are
assumed to be fixed, and for a biological equilibrium to exist, K > X and

B(X,i, K)=iX (1 - 5) (17)
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Figure 3: Changes in Actual and OA levels of CPUE

¢ > 0 must be verified. We assume that natural mortality is considered in the
growth rate. The values used by the above authors for both parameters are:
K = 18,5 tons and 7 = 0.91. Total fishing effort is calculated with the help
of Eq (13). For escapement, U, we suppose that it is equal to the difference
between the annual shrimp stock and harvest levels, i.e.. U = X — H. Actual
and OA CPUE levels are plotted in Fig. 3, using Ifremer data from the period
1990-2009. Parameters o and ¢ are estimated in Table 1, with a = 0.65 and
q = 4.48. The values of the exogenous search cost, .S, were collected in Diop
(2016) and are expressed in real terms. Lastly, the variable B is calculated
using parameters “i” and “K” found in Martinet and Blanchard (2009),
and the corresponding stock during the same period comes still from Diop
(2016). We assume that the price of a shrimp unit is constant for all periods,
which seems to be a reasonable assumption on the empirical ground (see
Diop, 2016). The variable H, which denotes the number of meeting between
vessels and fish units per unit time, is thus also expressed in real terms.
First of all, Fig. 3 indicates that actual CPUE was low in 1990 but that
it strongly increased from 2000. The increase in the average CPUE inside
the fishery allowed for the recovering of profit levels at the end of the period
studied, that can be observed in Fig. 1. Our results suggest that congestion
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effects between vessels and the resulting changes in CPUE have played a
major role in explaining the simultaneous evolutions of the fleet size/search
effort, catch, and profit levels in the FGSF since 2000. The substantial
reduction in the fleet size to about 20 active vessels in 2016, undertaken
to concentrate fishing activities over a limited number of profitable vessels
(Blanchard et al., 2019), might have substantially decreased congestion ef-
fects between them. This seems to have in turn resulted into a strong rise
in the CPUE levels that might have more than compensated for the fall in
fishing effort and catch, and finally resulted in the rise in profits. Conversely,
Fig. 3 shows that if the FGSF had worked under OA, CPUE would have
substantially decreased from 1993. Since the FGSF seems to have worked
under an open access regulated regime, the above result suggests that such
a regime might have allowed for a better working of the FGSF.

6 Conclusion

Much of the literature in fisheries economics is based on the Schaefer (1954)
framework where the CPUE is considered exogenous. However there has been
increasing interest in endogenous CPUE models in recent years (Zacharia et
al, 2020; Sweke et al, 2015; Zhang and Smith, 2011; Mardle and Pascoe,
2000). In line with these authors our framework constitutes a departure
from standard fishery models, proposing endogenous CPUE. The present
paper contributes to the fisheries economics literature by proposing a micro-
economic model of the fishing process and thus a micro-foundation for the
fishing cost function.

As Bjorndal and Munro (2003) point out, “The economics of fisheries
management under uncertainty is currently underdeveloped. Without ques-
tion, much remains to be done.” In order to explain the recent development in
the FGSF, the fishery model proposed in this paper partially fills the above-
mentioned gap by explicitly taking into account the fact that fish harvesting
is by nature a random activity. It uses search theory to describe the specific
economic behavior of fishing firms and highlights its consequences for the
overall situation of fisheries. According to our approach, uncertainty and,
more precisely, catch stochasticity, play a major role in explaining the eco-
nomic performance of fisheries. More precisely, our results suggest that con-
gestion effects between vessels should be carefully taken into account when
choosing the optimal fleet size of a fishery. Lastly, the present framework
could potentially be used to analyze the exploitation of almost any animal
species, including land animals.
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Appendices

Appendix A: Fishing firms’ choices and the Bellmann
equations (in continuous time)

Method 1 (formal method)

The present discounted values of expected profit from an empty and a
full vessel are given respectively by:

T
Wg = —Se/ e dt+ (1+Wg)e (e7) (A1)
0

T
Wp = 1-— Sa/ e "dt + Wre (e7T) (A2)
0

where ¢ is the mathematical expectation. An empty vessel searching for fish
costs S per unit time between 0 and 7', where T' is the instant at which the
vessel finds a fish unit. 7" is a random variable that follows a Poisson process,
whose parameter is given by the rate at which vessels find fish units, m ().
Still at date T', the vessel harvests a single fish unit and sells it in the market
instantaneously, also earning the present discounted value of expected profit
from an empty vessel, Wg. A firm with a full vessel sells its fish unit in
the market instantaneously and then becomes empty, starting to search for
fish between 0 and T, where T' is a random variable that follows a Poisson
process of parameter m (6). At instant 7', the empty vessel finds a fish unit
and regains the status of a full vessel, earning the corresponding expected
profit, Wg.

Let’s start by calculating the integral included in Eqs. (Al) and (A2):

Now, if T' is a random variable that follows a Poisson process of parameter
m, we have: , £ (e7") = [ me ""™TdT. Thus, Egs. (A1)-(A2) become:

1 — —rT
W, — —55+ 14+ We)e(e™) (A3)
1— e_rT —rT
WF = 1-— SET + WFE(G ) (A4)

After calculating the integrals and simplifying, we obtain:

1 m
= _§g_—_- 1 A
W Sr+m+( +WE>T+ (A5)
1 m
Wgp = 1—S—+ W, A6
" r+m+ r (AG)



Lastly, solving for Wy and W leads respectively to Egs. (8)-(9).

Method 2 (intuitive method)

According to the assumptions used in our model, the present discounted
values of expected profit from an empty vessel and a full vessel can be written
respectively as:

1

Wp = ;o A=Sdt+[L—m(0)d] W +m (0)dtWr}  (AT)
1

We = g+ We) A

At a discount rate r, an empty vessel costs S per unit time and continues
yielding the expected value of an empty vessel, Wg, as long as it remains in
this state with probability, 1—m (0) dt. With the complementary probability,
m (0) dt, it finds a fish unit and yields the expected value from a full vessel,
W, for the firm. A firm with a full vessel, loaded with one fish unit, becomes
instantaneously empty and earns the expected profit associated with the state
of an empty vessel, Wg. Multiplying all terms by (1 + rdt) and rearranging
terms if dt tends to zero leads to Egs. (8)-(9) in the text.
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Appendix B: The regulator’s program (in continuous
time)

According to our model, the Hamiltonian corresponding to the regulator’s
profit maximization program is:

H=(H—-SE)e ™+ uU (B1)

where ;1 denotes the co-state variable. From the definition of anthropic pres-
sure (Eq. (2) in the text), the rate at which fish is being caught (Eq. (4)),
and the steady state condition given by Eq. (6), the Hamiltonian can be
rewritten as:

H=(X—-U-S0U)e " +pu[B—0m(0)U] (B2)

Therefore, the optimality conditions related to 6 (0H/00 = 0), and U
(OH/OU = —f1), give respectively:

—SUe™™ + pu[m (8) + 6m’ ()] U = 0 (B3)

and

e (=1=890) e +0m (@) p— =0 (B4)
Directly calculating the elasticity of the capturability function with respect
to anthropic pressure from Eq. (3), i.e. m’ (0)8/m (6) = —«, and isolating u

in Eq. (B3), yields:
S

//[/ =
m () [1 =1 (0)]
The derivative of ;1 with respect to time thus reads:

L= —r 5 et =—p
= = 0] g (B6)

e "t (B5)

Combining Eq. (B4) and Eq. (B6), while still taking into account Eq. (B5),
and simplifying gives Eq. (16) in the text.

20



References

Abbott, J.K., Wilen, J.E. (2011), “Dissecting the tragedy: a spatial model
of behavior in the commons”, Journal of Environmental Fconomics and
Management 62(3), 386-401.

Beverton, R. J. H., S. J. Holt (1957), On the dynamics of exploited fish
populations, Fisheries Investigations Series 2(19), 533 p.

Bjorndal, T., Conrad, J.M., Salvanes K.G. (1993), “Stock Size, Harvesting
Costs, and the Potential for Extinction: The Case of Sealing”, Land
Economics 69(2), 156-167.

Bjorndal, T., Munro, G.R. (2003), “The economics of fisheries management:
a survey”, in Tom Tietenberg and Henk Folmer (Eds.), The Interna-
tional Yearbook of Environmental and Resource Economics 1998 /1999:
A Survey of Current Issues, Cheltenham, Edward Elgar, 153-188.

Blanchard, F., Chaboud, C., Thébaud, O. (2019), “Back to the future: a
retrospective assessment of model-based scenarios for the management
of the shrimp fichery in French Guiana facing global change”, Natural
Resource Modeling 32(4) p. €12232.

Clark, C. W. (1990), “Mathematical Bioeconomics: The Optimal Manage-
ment of Renewable Resources”, 2nd ed. (New York: Wiley).

Clark, C.W., Mangel, M. (1984), “Foraging and flocking strategies: Infor-
mation in an uncertain environment”, The American Naturalist 123(5),

626-641.

Clark, C.W., Munro, G.R. (1982), “The Economics of Fishing and Modern
Capital Theory: A Simplified Approach”, In L.J. Mirman and D.J.
Spulber (eds) Essays in the Economics of Renewable Resources. North

Holland.

Cobb, C.W., Douglas, P. H. (1928), “A Theory of Production”, American
Economic Review 18, 139-165.

Diop, B. M. (2016), Economie écologique des ressources marines : le cas
de la pécherie crevettiére guyanaise, Doctoral dissertation, Cayenne,
France.

21



Diop B. M., Blanchard F., Sanz N. (2018a), « Mangrove increases resilience
of French Guiana shrimp fishery facing climate change », Fcological
Modelling, 387, 27-37.

Diop B. M., Sanz N., Blanchard F., Walcker R., Gardel A. (2018b), « The
role of mangrove for the French Guiana shrimp fishery », Journal of
Environmental Economics and Policy, vol. 15, pp. 1-12.

Diop B. M., Sanz N., Doyen L., Duplan Y. J. J., Mama Guéné E., Blan-
chard F., Pereau J.-C. (2018c), « Maximum Economic Yield Fishery
Management in the Face of Global Warming », Ecological Economics,
vol. 154, pp. 52-61.

Food and Agriculture Organization of the United Nations (2008), “Global
study of shrimp fisheries”, FAO fisheries technical papers 475.

Gordon, H.S. (1954), “The economic theory of a common property resource:
the fishery”, Journal of Political Economy 62, 124-142.

Hausman, J.A. (1978), “Specification Tests in Econometrics”, Econometrica
46(6), 1251-1271.

Homans, F.R., Wilen, J.E. (1997), “A Model of Regulated Open Access
Resource Use”, Journal of Environmental Economics and Management
32, 1-21.

Huang, L., Smith, M.D. (2014), “The dynamic efficiency costs of common-
pool resource exploitation”, The American Economic Review 104(12),
4071-4103.

Mangel, M. (1982), “Search Effort and Catch Rates in Fisheries”, European
Journal of Operational Research, Vol. 11, pp. 361-365.

Mangel, M., Beder, J.H. (1984), “Search and stock depletion: theory and ap-
plications”, Canadian Journal of Fisheries and Aquatic Sciences, forth-
coming.

Mangel, M., Clark, C.W. (1983), “Uncertainty, search, and information in
fisheries”, Journal du Conseil / Conseil Permanent International pour
I’Exploration de la Mer 41, 93-103.

Mangel, M., Plant, R.E. (1985), “Regulatory mechanisms and information
processing in uncertain fisheries”, Marine Resource Economics 1, 389-
418.

22



Mardle, S., and Sean Pascoe. (2000), “Use of evolutionary methods for bioe-
conomic optimization models: an application to fisheries”, Agricultural
Systems 66(1), 33-49.

Martinet, V., Blanchard, F. (2009), “Fishery externalities and biodiversity:
Trade-offs between the viability of shrimp trawling and the conservation
of Frigatebirds in French Guiana”, Ecological Economics 68, 2960-2968.

Martins, D. E., Camargo-Zorro, M., Souza Filho, P. W. M., Cintra, I. H.
A., Silva, K. C. (2015), “Spatial distribution of southern brown shrimp
(Farfantepenaeus subtilis) on the Amazon continental shelf: a fishery,

marine geology and GIS integrated approach”, Brazilian Journal of
Oceanography 63(4), 397-406.

Mcconnell, K.E., Strand, I. E., Blake-Hedges, L. (1995), “Random utility
models of recreational fishing: catching fish using a poisson process”,
Marine Resource Econmics 10, 247-261.

Munro, G.R. (1992), “Mathematical bioeconomics and the evolution of
modern fisheries economics”, Bulletin of Mathematical Biology 54(2-
3), 163-184.

Pissarides, C.A. (2000), Equilibrium Unemployment Theory, MIT Press
(2nd ed.), Cambridge.

Reed, W.J. (1978), “The steady state of a stochastic harvesting model”,
Mathematical Biosciences 41(3-4), 273-307.

Sanz, N., Diop, B., Blanchard, F., Lampert, L. (2017), “On the influence of
environmental factors on harvest : the French Guiana shrimp fishery
paradox”, Environmental Economics and Policy Studies 19(2), 233-247.

Scott, A. (1955), “The Fishery: The Objectives of Sole Ownership”, Journal
of Political Economy 63(2),116-124.

Schaefer, M.B. (1957), “Some considerations of population dynamics and
economics in relation to the management of marine fisheries”, Journal
of the Fisheries Research Board of Canada 14, 669-681.

Schaefer,M. B. (1954), “Some Aspects of the Dynamics of Populations Im-
portant to the Management of Commercial Marine Fisheries”, Bulletin
of the Inter-American Tropical Tuna Commission, 1(2), 26-56.

23



Sethi, G., Costello, C., Fisher, A., Hanemann, M., Karp, L. (2005), “Fishery
management under multiple uncertainty”, Journal of Environmental
Economics and Management, 50(2), 300-318.

Singh, R., Weninger, Q., Doyle, M. (2006), “Fisheries management with
stock growth uncertainty and costly capital adjustment”, Journal of
Environmental Economics and Management, 52(2), 582-599.

Smith, V.L. (1969), “On Models of Commercial Fishing”, Journal of Polit-
ical Economy 77(2), 181-198.

Sweke, E. A., Su, Y., Baba, S., Denboh, T., Ueda, H., Sakurai, Y., Matsu-
ishi, T. (2015), “Catch per unit effort estimation and factors influencing
it from recreational angling of sockeye salmon (Oncorhynchus nerka)
and management implications for Lake Toya, Japan”, Lakes € Reser-
voirs: Research € Management, 20(4), 264-274.

Zacharia, P. U., Sajna, V. H., Rojith, G., Roshen, G. N., Joseph, D., Kuri-
akose, S., & George, G. (2020), “Climate change drivers influencing
Indian mackerel fishery in south-eastern Arabian Sea off Kerala, In-
dia”, Indian Journal of Fisheries, 67(3), 1-9.

Zhang, J., Smith, M.D. (2011), “Estimation of a generalized fishery model:
A twostage approach”, Review of Economics and Statistics, 93(2), 690-
699.

24



