
Contents lists available at ScienceDirect

Ecological Modelling

journal homepage: www.elsevier.com/locate/ecolmodel

Mangrove increases resiliency of the French Guiana shrimp fishery facing
global warming

Bassirou Diopa,⁎, Fabian Blanchardb, Nicolas Sanzc

a CNRS, UMRS 3456, LEEISA, Domaine de Suzini, BP 477, 97 337 Cayenne, French Guiana
b Ifremer, UMRS 3456, LEEISA, Domaine de Suzini, BP 477, 97331 Cayenne, French Guiana
cUniversité de Guyane, UMRS 3456, LEEISA, Campus Troubiran BP 20792, 97 337 Cayenne, French Guiana

A R T I C L E I N F O

JEL classification:
Q22

Keywords:
Renewable resources
Fishery bio-economic model
Global warming
Shrimp
Sea surface temperature
Mangrove

A B S T R A C T

This paper deals with the biological, ecological and economic impact of global warming and mangrove habitat
availability on the French Guiana shrimp fishery. A dynamic bio-economic model is built by employing a shrimp
stock's growth function depending on Sea Surface Temperature (SST) and on mangrove surface. The model is
empirically calibrated for the French Guiana shrimp fishery using time series collected over 1995–2011. First,
two Cobb-Douglas functions, which describe shrimp's natural growth and harvest, are estimated. Then, a
Maximum Economic Yield (MEY) harvest rule, based on the optimization of the net present value derived from
fishing, is computed. Three management strategies are compared (Closure, Status Quo management, and MEY)
under three mangrove surface fluctuations and climatic scenarios: (a) SST and mangrove remain stable, (b) SST
rises while mangrove declines, (c) SST rises and mangrove remains stable. The scenarios considering a SST rise
are based on the median greenhouse gases emission projections estimated by the IPCC (Intergovernmental Panel
on Climate Change). The scenario focused on the reduction of mangrove surface is based on a general rate
calculated on a global level. Our study shows that preserving the mangrove will increase the resiliency of French
Guiana shrimp fishery in the long run.

1. Introduction

Shrimp fishery constitutes a major source of value for French
Guiana, where it represents the third export sector accounting for 25%
of the total volume (Garandeau, 2006). However, French Guiana
shrimp fishery (FGSF) has faced many difficulties during the last dec-
ades. Several factors can explain the recent economic crisis; the glo-
balization of the shrimp market led to a decrease of 50% in real prices
since 1997, fuel prices increased worldwide and the 2007 financial
crisis also affected the activity. In response to this situation, some
management rules were progressively adopted or reinforced in French
Guiana, starting with the creation of the Exclusive Economic Zone
(EEZ) in 1977 (Smith, 1986). In 1983 a Total Allowable Catch (TAC)
system was implemented for both brown and pink shrimps and trawling
activities were forbidden in specific coastal zones. However, despite the
substantial reduction in fishing effort and harvest levels, the shrimp
stock kept decreasing between 1995 and 2011, as depicted in Fig. 1,
according to data collected by Ifremer (French institute of research for the
exploitation of the sea). This suggests that other factors may have a
stronger influence on the evolution of the FGSF. River flow rate, Niño/

Niña phenomena and sea surface temperature (SST) has been shown as
the more important factors negatively affecting the productivity of
FGSF (Diop et al., 2018; Sanz et al., 2017). The SST has increased be-
tween 1970 and 2004 on the Guiana coast. The difference between the
average values of these two periods is 0.65 °C (degree Celsius), with an
accentuation of this phenomenon by 1995 (Bernard, 2006). Moreover,
water quality and ecosystems along the French Guiana coast are also
strongly influenced by mud banks dynamics dictated by the Amazon
River (Anthony et al., 2010). Mud banks are rapidly and massively
colonized by mangroves, resulting in a coast partly covered by fluctu-
ating mangrove surfaces (Walcker et al., 2015). In French Guiana,
mangroves stretch for 600 km2 and colonize almost 75% of the coast-
line (Day et al., 1987; Walcker et al., 2015). Mangroves provide several
ecosystem services such as carbon sink, nursery, shoreline protection
against erosion and play a critical role in the ecological balance
(Barbier, 2016). Several small scale studies suggest that mangrove ha-
bitats could enhance fish abundances by providing nursery grounds
(Serafy et al., 2015). Mangrove forests cover more than 200,000 km2 of
sheltered tropical and subtropical coastlines but they are strongly im-
pacted by human activities. Mangrove deforestation is occurring at a
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rate of 1–2% per year worldwide and climate change is importantly
affecting those habitats (Duke et al., 2007).

Shifts in rainfalls regimes can lead to changes in detritus availability
in estuarine and coastal areas. A reduction in detritus have negative
effects on penaeid shrimps since they are mostly detritivorous during
the juvenile stages (Nunes et al., 1997). Changes in the community
structure and increase of predators (red snapper) has been estimated to
potentially cause a decrease in shrimps biomass (Lampert, 2011). Most
penaeid shrimps have a juvenile stage in estuarine waters followed by a
marine adult stage. Therefore, physiological adaptations to strong en-
vironmental changes are fundamental for the survival of the juveniles
to adult stage (Silva et al., 2010). Despite temperature, which is widely
known to be the more important factor for development and growth,
previous studies on Farfantepenaeus species suggest that salinity may
be more important in regulating survival (Pérez-Castañeda and Defeo,
2005). It is likely that pink and brown shrimps have developed slightly
different physiological limits and growth optimum, unfortunately, a
comparative study between this two species is still lacking. In French
Guiana the impact of human development and sediment dynamics has
not been quantified yet but it will surely have an important effect on
mangroves habitats and coastal communities. It is therefore crucial to
investigate the effect of mangrove fluctuation on FGSF.

Until now, a majority of existing bioeconomic models still assume
that environmental conditions in the marine ecosystem remain constant
over time, which rarely occurs, as underlined by Knowler (2002). Such
an assumption often leads to the misspecification of harvest controls,

contributing to the diminished state of many exploited living marine
resources (Keyl and Wolff, 2008; Stock et al., 2011). Moreover, a
growing number of studies identified a strong response of marine re-
sources to climate variability in recent years e.g. Lehodey et al. (2006).
Fishing industries are indeed strongly dependent of natural environ-
mental conditions (Hannesson, 2006). Climate change, and global
warming in particular, through its effect on the sea temperature, are
important drivers of shrimp stock dynamics and harvest levels (Cheung
et al., 2009; Brander, 2007). The accumulating evidences of the effect
of anthropogenic emissions on climate change and the rapid and per-
sistent rise in temperatures suggests that temperatures will continue to
increase during the next decade (Brander, 2010; Levitus et al., 2000).
There is therefore a need to account systematically for this phenomenon
in the building process of bioeconomic models. The application of an
ecosystem based fisheries management approach accounting simulta-
neously for the local economic context and environmental trends are
probably a more efficient management option for FGSF (Doyen et al.,
2013; Thébaud et al., 2014).

The aim of this paper is thus to investigate the simultaneous effects
of global warming as well as the role of mangrove fluctuations on the
FGSF during the next decades. In order to do so, we develop an ex-
tension of the bio-economic model proposed by Garza-Gil et al. (2011)
and apply the latter to the French Guiana case. The introduction of the
SST variable into the growth function allows for a direct evaluation of
the impact of global warming on the stock dynamics and thus on the
bio-economic equilibrium of the fishery.1 In our study, we introduce
mangrove surface as an additional variable into the analysis to evaluate
simultaneously the effect of the changes in SST and mangrove surface
variability on the FGSF. A Maximum Economic Yield (MEY) harvest
rule, based on the optimization of the net present value derived from
fishing, is determined and calibrated using Ifremer data. Then, three
different management strategies (“Status Quo”, Maximum Economic
Yield-“MEY”, and “Closure”) and three climate and mangrove fluctua-
tion scenarios are compared for the period between 2012 and 2050.

The paper is organized as follows. Section 2 describes the FGSF.
Section 3 presents the bio-economic model used to determine the op-
timal stock, harvest and profit levels that the FGSF would reach in the
future if it was managed in a centralized manner under three distinct
management strategies, and under three distinct scenarios regarding
the trend of the SST and the mangrove surface. Section 4 states and
interprets the results of the simulations for the period 2012-2050.
Section 5 discusses the results and policy implications. Section 6 gives
some concluding remarks.

2. The French Guiana shrimp fishery

Two shrimp species are mainly exploited by the French Guiana
fishery, the brown and the pink shrimps (resp. Farfantepenaeus subtilis
and Farfantepenaeus brasiliensis). The FGSF started in the late 1960s
with the US fleet activity. Most of the vessels were Floridian shrimp
trawlers, each using two trawls simultaneously. Japanese vessels also
exploited shrimps, but the whole fleet became progressively French
between 1970 and 1990. Over this period, the US-Japanese fleet in-
creased to up to 80 trawlers. Since 1992, the whole fleet is composed
only by French trawlers targeting shrimps on the continental shelf. The
stock assessment has been firstly performed every two years by a
working group within the institutional and international framework of
the Western Central Atlantic Fishery Commission (WECAFC) up to
1999. It has then been undertaken by the Ifremer for management
advice since the 1980s. The method used for assessment is the “Virtual
Population Analysis” (VPA), that is performed on a monthly basis to

Fig. 1. Historical paths of the shrimp stock, fishing effort and harvest levels in
French Guiana between 1995–2011.

1 The temperature of waters may be considered as a general proxy of global
warming in a first step; the approach used here refers to the Extended Stock
Assessment Models (ESAMs; see Stock et al. (2011)).

B. Diop et al. Ecological Modelling 387 (2018) 27–37

28



enable recruitment and abundance as well as spawning stock biomass
and fishing mortality to be determined.

Table 3 (see Appendices) shows time series of the shrimp biomass,
catches, effort and SST for the period 1995–2011 obtained from re-
spectively VPA, declarations, and Reynolds data set. The biomass has
steadily decreased over the years together with the fishing effort and
catch levels (see Fig. 1) despite the establishment of a TAC. A TAC of
4180 tons was defined from the Maximum Sustainable Yield (MSY) for
brown and pink shrimps of which 108 tons are reserved to neighboring
countries (Suriname, Trinidad, Barbados). Compared to historical cat-
ches, the TAC level was never fully achieved. This TAC level was never
changed until 2011, despite the decreasing trends in biomass and
landings. In 1991, a fee-free license system was introduced for both
species. The main objective was to limit the number of vessels to protect
the shrimp resource. However, the license system did not seem to be an
efficient resource management tool. The number of licenses was slightly
reduced from 69 in 1991 to 63 in 1999, and to 49 in 2010. During this
period, the number of active shrimp trawlers was less than the number
of licenses (less than half in 2006). The license system could have been
a tool to adjust the number of vessels in order to improve economic
results, but this objective was not explicitly addressed by the manage-
ment system. More recently, some depth restrictions were also put in
place in order to limit the impact of trawling on juvenile shrimps and
avoid conflicts with the coastal small-scale fishery. Trawling is for-
bidden in coastal waters less than 30m deep. This rule is more re-
strictive than the spatial limitation applied to trawlers in European
waters. Overall, the economic dynamics of the fishery has been char-
acterized by a diminution of the fleet size, to concentrate the fishing
activities over a reduced number of profitable vessels (around 10).

3. The bio-economic model

This section presents the bioeconomic model for the FGSF. First, the
shrimp's natural growth function and its calibration with a data set
covering the period 1995–2011 are presented, followed by the fishery
production function and its calibration with a 1995–2011 time series.
Then, the different management strategies of the fishery, and the cli-
mate and mangrove evolution scenarios are introduced (see Fig. 2).

3.1. The natural growth functions

Before studying the effects of SST fluctuations of and mangrove
surface on the shrimp stock, harvest, and profits, we have to represent
and quantify the renewal of the shrimp using data of the French Guiana
collected by Ifremer. We therefore firstly estimated four population
dynamics that explicitly integrate SST and mangrove surface. The lo-
gistic function is the most widely used in the economic literature.
However, other functions may also be used when the logistic model
results in non-significant parameters (Bjørndal, 1988; Clark, 1990;
Opsomer and Conrad, 1994; Garza-Gil, 1998; Hannesson, 2006;
Nøstbakken, 2008; De Lara and Doyen, 2008):

= + + + −+X cθ HaX bX dMt t t t t t1
2 (1)

= −+
+X e HaXt t

cθ
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b

t
c

t
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= −+
+X HaXt t

b cθ
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The above four functional forms are known as the logistic, the Ricker,
the Cobb-Douglas, and the Cushing natural growth functions, respec-
tively. The variable X denotes the fish stock biomass, t, the time (in
year), H the harvest, a, b, c, and d the parameters that represent bio-
logical and environmental impacts, θ, the SST and M the mangrove
surface. The mangrove surface series has been differentiated twice to be
stationary and integrated into the regression. The estimation of the
parameters of the four natural growth functions using the data shown in
Table 3 (see Appendices) and their comparison in statistical terms in-
dicate that, as far as the FGSF is concerned, the Cobb-Douglas re-
lationship is the functional form that best fits the empirical data over
the period (1995–2011). The results for the Cobb-Douglas function are
presented in Table 1, for which all parameters are significant.

The parameters of the three other functions appear not to be sig-
nificant and the results of their estimation are reported in Table 4 (see
Appendices). The Cobb-Douglas function will thus be used to describe
the dynamics of the shrimp stock in the remainder of the paper.

Fig. 2. Conceptual diagram of the model. See text for definitions and notations.
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3.2. The production function

Usually, the production function used in bio-economic literature for
fisheries is the so-called Schaefer model where catches depend linearly
on both fishing effort and stock. Here we depart from the usual ap-
proach by considering the Cobb-Douglas form as in Clark (1990) and
Sanz et al. (2017):

=H αX Et t
β

t
β1 2 (5)

where α denotes catchability, coefficients β1 and β2 represent respec-
tively the elasticities of the catch level, Ht, with respect to the biomass,
Xt, and the effort level, Et. The effort level corresponds to the total
number of days during which the fleet is at sea. It includes the traveling
time to the area where fishing activities take place. Table 2 presents the
estimates of the parameters of Eq. (5) regarding the FGSF.

The major statement is that the elasticity of harvest with respect to
the stock is very close to 1 (β1= 0.95), making production more sen-
sitive to the stock as compared to fishing effort (β2= 0.16). The ac-
curacy of the regression is shown in Fig. 8 (see appendices), where we
can compare the evolutions between observed and adjusted values of
catch.

3.3. Fishery management

The model is now calibrated from historical data. We first focus on
different fishing strategies at the time horizon t=2050.

3.3.1. The MEY strategy
Here we investigate the management strategy based on the inter-

temporal optimization of the profit derived from fishing in accordance
with the MEY (maximum economic yield) strategy, as in Clark (1990),

and Doyen et al. (2013). It relates to a situation where the fishery is
rationally managed in a centralized manner or with a sole owner. In
more mathematical terms, the economic problem of the regulator
consists in choosing catches that maximize the current value of the
profit flow, pHt−wEt, generated by the production of shrimp, where p,
and w, represent respectively the unit price of harvest, the cost of effort
at time t. The regulator's bio-economic program can thus be written as:
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where r=(1− δ)/δ stands for the discount rate, and δ the discount
factor.

The solution of the above problem requires the use of optimum
control theory (Kamien and Schwartz, 1991). Assuming that the tem-
perature θ, and the mangrove surface M are at equilibrium, it can be
proved that the long-term balance in the renewable resource framework
gives the optimal value of the shrimp biomass implicitly as follows
(Conrad, 1999; De Lara and Doyen, 2008):
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We observe that the optimal value of the shrimp

biomass, X*, depends on both SST and, mangrove surface and thus we
will hereafter denote this optimal biomass level, X*(θ, M). The optimal
harvest rule can then be deduced from the biological dynamics given by
Eq. (3):

= −H θ M F X θ M θ X θ M* ( , ) [ * ( , ), ] * ( , ) (7)

where F represents the natural growth function. Finally, the effort level
can be obtained from the technological constraint, Eq. (5):

= ⎡
⎣⎢

⎤
⎦⎥

E θ M αX θ M
H θ M* ( , ) * ( , )

* ( , )

β β1/
1 2

(8)

Regarding the numerical values based on the French Guiana case
study, the unit price of landings, p, is set to 6.60 €/kg, while the cost per
unit of effort, w, is 1900 €/day, which corresponds to the mean cost per
day at sea. The discount rate equals r=3%.

3.3.2. Other management strategies
We will compare the MEY-type strategy defined previously with two

other fishing patterns. The first one termed Status Quo consists in
maintaining the fishing effort at its current level (see Table 3 in Ap-
pendices), namely:

= = = …E t E t( ) (2011) 2168 for 2011, 2050 (9)

The second pattern, denoted by Closure, relates to a ban for this
shrimp fishery, namely:

= = …E t t( ) 0 for 2012, 2050 (10)

3.4. Climate and mangrove scenarios

Earth's surface temperature during the last three decade has been
increasingly warmer than any previous decade since 1850. The globally
averaged and combined land and ocean surface temperatures show a

Table 1
Estimates of the Cobb-Douglas natural growth function.

+ =+X h θ MaXt t t
b

t
c d1

ln(a) 36.39 (0.0213)**

b 1.10 (0.000)**

c -11.15 (0.0195)**

d 0.10 (0.0615)*

R2 adjusted 0.96
DW 1.96
Standard error of regression 0.121
JB 2.92
Q-Stat 8.92

Notes: p-values in brackets; ** significant at 5% level * significant at 10%.
JB is the Jarque-Bera statistic of the normality test.
Q-Stat is the Ljung-Box statistic used in the correlation test.

Table 2
Estimates of the shrimp production function.

Ht= αXt
β1Et

β2

ln(alpha) −2.15(0.000)
β1 0.95 (0.000)
β2 0.16 (0.001)
R2=0.986 0.986
R2 adjusted= 0.984 0.984
Standard error of regression 0.069
F-Stat 541.56
DW 2.05
JB 1.36

Notes: p-values in brackets; all coefficients are significant at the 5%
level.
F-Stat and DW are respectively the Fisher and the Durbin-Watson
statistics.
JB is the Jarque-Bera statistic of the normality test.
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warming of 0.85 [0.65 to 1.06] °C over the period 1880–2012
(Intergovernmental Panel on Climate Change-IPCC, 2014). In order to
investigate the potential effects of global warming combined with
mangrove fluctuations on the FGSF between 2012 and 2050, we se-
lected a single climate scenario of the IPCC, RCP (Representative
Concentration Pathway) 4.5, that varies across different intensities of
global warming. RCP4.5 (Thomson et al., 2011) corresponds to the
pathway with the median greenhouse gas emission levels of the IPCC,
and assumes a rise in temperature at the same rate of about 0.02 °C per
year. RCP4.5 is a scenario of long-term, global emissions of greenhouse
gases, short-lived species, and land-use-land cover that stabilizes ra-
diative forcing. The defining characteristics of this scenario are en-
umerated in Moss et al. (2010). In addition to the global warming
scenario, two mangrove fluctuation scenarios are investigated. The first
scenario describes a situation where the mangrove surface remains
stable at the value observed in 2011 (519 km2) and the second describes
a situation where the mangrove surface declines at the same rate 1%
per year worldwide (FAO, 2007; Spalding, 2010) until 2050. Globally,
between 20% and 35% of mangrove area has been lost since approxi-
mately 1980, and mangrove areas are disappearing at the rate of ap-
proximately 1% per year, with other estimates as high as 2–8% per
year. We thus retain three situations considering SST and mangrove
surface: (a) SST and mangrove surface will remain stable, (b) SST rises
and mangrove surface declines at 1% per year until time horizon 2050,
(c) SST rises and mangrove remains stable until 2050.

The following expression describes the evolution of the SST in our
analysis:

+ = +θ t θ t( 1) ( )(1 0.02) (11)

where θ(2011)= 28.15 °C corresponds to the temperature value ob-
served in 2011. And the evolution of the mangrove surface is described
by the following expression:

+ = −M t M t( 1) ( )(1 0.01) (12)

where M(2011)= 519 km2 corresponds to the mangrove surface ob-
served in 2011.

4. Simulations and results

We can now use the estimates of the natural growth and production
functions to simulate the evolutions of the stock, harvest, and profit
levels between 2012 and 2050, depending on the climate and mangrove
fluctuation scenarios retained and the management strategy adopted.
The successful CUSUM (Cumulative Sum) test (Brown et al., 1975),
based on the cumulative sum of the recursive residuals, ensures the
stability of the parameters over the period 1995–2011 in the Cobb-
Douglas function case, allowing for robust forecasts over the period
2012–2050 (see Fig. 8 in Appendices). Numerical computations are
performed with the software SCILAB 5.4.0.2 The strategies regarding
the shrimp stock, effort, harvest and profit are drawn in Figs. 3–6 re-
spectively. We present first the management outcomes and in a second
time, the economic gains of the MEY fishing strategy.

4.1. Management outcomes

As can be seen in Fig. 3, when temperature and mangrove remain
stable, the biomass recovers with the closure strategy and stabilizes
with the MEY and the Status quo ones. On the other side, shrimps
biomass depletes if we consider both scenarios where temperature rises
and mangrove declines and where temperature rises and mangrove
remains stable. Shrimps biomass depletion is mitigated when mangrove

surface remains stable and the MEY strategy allows for a better biomass
recovery in comparison with the Status Quo strategy. Fig. 4 shows that
Status Quo effort levels are higher than the MEY effort levels whatever
the scenario we consider. This suggests that the level of effort in the
Status Quo strategy is too high to expect a better resource preservation.
Fig. 5 confirms that the MEY strategy is better than the Status Quo
since, in the long term, catches are greater for MEY independently of
the climate and mangrove scenarios. Fig. 6 shows that profits are jeo-
pardized and decline in the long run, whatever the management
strategy adopted. The Status Quo fishing strategy, which consists in
maintaining the fishing effort intensity observed in 2011, yields the
worst effects on the fishery, since it never allows for the recovery of the
stock and leads to a fall in catch and negative profits around 2030. With
the MEY strategy, the stock decreases less rapidly and catches are
higher than with the Status Quo strategy, making profits remain posi-
tive over the whole projection period, even if they tend to zero from
around 2050.

As illustrated in Figs. 3–6, the scenario with stable temperature and
mangrove surface appears logically to be less detrimental to the FGSF,
but it is still preoccupying from an economical point of view. Globally,
the evolutions of the stock, catch and profits are the same. However, the
biomass still depletes totally with the Status Quo strategy and almost
totally with the MEY strategy.

4.2. Economic gains of the MEY fishing strategy

Mangroves provide services that increase the economic pro-
ductivity/stability of local communities. Fig. 7 shows that a decline in
mangrove surface will result in profit losses for FGSF. The annual
economic losses in profit due to decline in mangrove surface range at
least between 1 to 3 million if mangrove surface keeps declining at 1%
per year. The biggest loss could be recorded around 2023 if the man-
grove followed the same trend (about 3 million €).

5. Discussion

Our results indicate that SST might be the strongest driver of the
future evolution of the FGSF due to its effect on shrimps habitat and
physiology. Notably, recent works on the characterization of the habitat
of Farfantepenaeus subtilis have shown that the optimal surface tem-
perature observed within the distribution area of the species lies be-
tween 27.07 °C and 28.32 ° C (Kaschner et al., 2013). Between 1995 and
2011, the sea surface temperatures in French Guiana have twice ex-
ceeded the maximum optimal value (in 1998, and 2005). This suggests
that the biological function (growth, maturation, survival) may have
been degraded at these occasions. Taking into account the projection
period considered in this paper, the maximum optimal value is ex-
ceeded continuously in 2019. Hence, the decrease in the stock predicted
here, seems to be consistent with the previous statement. Un-
fortunately, the negative effect of the SST rise on the stock seems to be
stronger than the positive effect of the effort and harvest fall, even if the
mangrove surface is protected. This seems to confirm the starting hy-
pothesis of the present paper, i.e. the predominance of environmental
phenomena over economic factors per se.

Despite the fact that our study focused solely on the effect of tem-
perature changes, several others global warming factors including sea
level rise, increased storminess and altered precipitation regime are
also threats impacting coastal and marine communities (Ward et al.,
2016). Climate change effects are expected to vary importantly between
regions and precipitations are projected to increase in the north part of
South America. Despite this, the concomitant effect of deforestation and
global changes in the Amazon basin is still unclear (Bagley et al., 2014;
Ward et al., 2016).

Fishing is not the only parameter influencing stock, a wide number
of social, economic and environmental factors may cause the collapse of
the stock of a fishery (Mason, 2002; Hutchings and Reynolds, 2004).

2 SCILAB (http://www.scilab.org) is an open-source software program dedi-
cated to scientific calculus and well suited to the simulation of dynamic sys-
tems.
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Environmental changes and fishing pressure result in large fluctuations
of aquatic species compositions (Cury et al., 2003). Changes in com-
munities compositions and species interactions may lead to a strong
decline in biomass of one species, for example, increase in predation
pressure or diminution of preys (Lilly et al., 2000; Estes et al., 2011).
Additional biological threats include the competition processes between
species belonging to the same functional group or with new invasive
species (Cury et al., 2003; Dukes and Mooney, 2004).

Furthermore, according to Eq. (5), the observed fall in harvest may
be due to a decrease either in the stock or in the effort level, or both.
However, Table 2 indicates that in the FGSF, the elasticity of harvest
with respect to the stock is 0.95, whereas the elasticity of harvest with
respect to effort is 0.16. Hence, harvest appears to be mostly sensitive to
the stock. This suggests that the rise in SST, through its strong direct
effect (see Table 1), plays the main role in the fall of harvest. The fall in
the shrimp stock and harvest is quite surprising, since according to
Bjørndal et al. (1993), harvesting costs depend on the stock-output
elasticity. Since the French Guiana shrimp production appears to be
very sensitive to changes in the stock, the fall in the latter, by strongly
increasing harvesting costs, should constitute an economic brake in its
depletion process, which is apparently not the case. Despite the fall in
fishing effort observed in the past two decades, the stock continued to
decrease. This suggests that the negative impact of SST rise might be
stronger than the positive effect of economic brakes. We therefore ex-
pect that, in the future, global warming will lead to a total collapse of
the shrimp stock and the economic sector that depends on it. However
the mangrove could be a source of resilience in front of rises in tem-
perature for better conservation of the stock.

Nevertheless, despite the low effort level, the whole shrimp biomass
strongly decreased between 1995 and 2011 (Lampert, 2011). The
French Guiana fishing might be indeed negatively affected by en-
vironmental changes e.g. SST. However mangrove surface seems to play

a role in the mitigation of the effects of global warming on the FGSF.
Mangroves can naturally mitigate global warming consequences and
increase the ecosystem resilience by absorbing and reorganizing the
effects of stress (Gilman et al., 2008). Despite their large thermal ad-
mittance due to their wet substrate, mangroves are important cooler
elements in coastal areas (Bin, 2016). Maintaining the mangrove sur-
face can mitigate the negative effects of global warming.

There is a real danger that mangroves will disappear from many of
the coastal areas in the near future (Duke et al., 2007). Losses are oc-
curring in almost every mangrove forests worldwide. Significant effort
must be instigated for the conservation of mangroves to avoid the loss
of an essential ecosystem service. Mangroves provide also several
highly valued ecosystem services, including coastal protection, erosion
control, water purification, maintenance of fisheries, and carbon se-
questration (Barbier, 2016). Barbier (2007) assigns a value to these
mangrove ecosystem services in Thailand, and compares the net eco-
nomic returns per hectare to shrimp farming, and the value of man-
grove services. Thus mangrove benefits are significant, and should not
be ignored in future mangrove land management decisions.

6. Conclusion

This paper quantifies the economic benefits of mangrove preserva-
tion for the FGSF in a global warming context. A bio-economic model
that explicitly integrates the sea surface temperature and the mangrove
surface in the natural growth function of the stock is used to analyze the
future effects of both phenomena. The parameters of the model are set
such that the model statistically fits observed values and allows for
undertaking simulations within three distinct scenarios regarding the
evolution of the SST of local waters and the mangrove.

Our results strongly suggest that global warming may have a major
negative impact on the economic evolution of the FGSF and that local

Fig. 3. Trajectories for stock under mangrove fluctuations and climatic scenarios: a – Temperature and Mangrove remain stable, b – Temperature rises and Mangrove
declines, c – Temperature rises and Mangrove remains stable, and under fishing strategies: Closure, MEY and Status Quo.
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Fig. 4. Trajectories for effort under mangrove fluctuations and climatic scenarios: a – Temperature and Mangrove remain stable, b – Temperature rises and Mangrove
declines, c – Temperature rises and Mangrove remains stable, and under fishing strategies: Closure, MEY and Status Quo.

Fig. 5. Trajectories for catch under mangrove fluctuations and climatic scenarios: a – Temperature and Mangrove remain stable, b – Temperature rises and Mangrove
declines, c – Temperature rises and Mangrove remains stable, andunder fishing strategies: Closure, MEY and Status Quo.
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mangrove contributes to mitigate its consequences. Along the same
lines, Lopes et al. (2018) show how shrimp productivity is affected by
climate change in Brazilian waters. Similarly, de Lange (2013) explains
how shrimp fisheries are indeed strongly influenced by environmental
factors worldwide. Our study shows that global warming might lead to
the collapse of the FGSF in the long run, and that this phenomenon will
probably be exacerbated by worldwide mangrove surface expected
declines (Duke et al., 2007). The most catastrophic strategy, corre-
sponding to the Status Quo position, might imply negative profits even
before 2020, independently of the retained scenario. Only the closure
and the MEY strategies allow for positive but very low stock and profit
levels. On the one hand, after a definitive closure of the fishery, the
stock would rebuild but such a radical decision would be detrimental to
the French Guiana economy. On the other hand, the bio-economic
management based on MEY, (i.e. when temperature rises and mangrove
remains stable) would preserve the profitability of the fishery, at least

until 2050. However, the MEY strategy would probably not lead to a
sufficient conservation of the stock in the long run.

The study developed in this paper confirms that the struggle of
fishery stocks against climate change, in particular against global
warming, needs to be considered for the sustainable fisheries manage-
ment. Our paper explains also how to take SST and mangrove surface
into account in ecological economic dynamic modelling. Institutional
arrangements need to support adaptive management to face global
warming risks (Ogier et al., 2016). This is particularly true for tropical
fisheries since tropical species generally live close to their thermal
limits and have little possibility to move in colder areas. Our analysis
thus confirms the need for adopting an ecosystem based management
approach, which systematically integrates environmental drivers (such
as those related to global warming) to account for the impact of the
latter on the stocks’ growth and their economic performances.

Fig. 6. Trajectories for profit under mangrove fluctuations and climatic scenarios: a – Temperature and Mangrove remain stable, b – Temperature rises and Mangrove
declines, c – Temperature rises and Mangrove remains stable, and under fishing strategies: Closure, MEY and Status Quo.

Fig. 7. Economic gains of the MEY fishing strategy with respect to scenarios: b – Temperature rises and Mangrove declines, c – Temperature rises and Mangrove
remains stable.
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Appendix A

In this section, we present the data collected by Ifremer and used in the present study, estimation details of all other growth functions that do not
fit them and some details of the numerical computations.

A.1 Data set

In this appendix, Table 3 describes historical data collected by Ifremer for the FGSF, SST and mangrove surface over the period 1995-2011.
Biomass, catches and effort decrease simultaneously while SST rises in the same period. The mangrove surface decreases between 1995 and 1998 and
increases over 1999–2011 period.

A.2 Other growth functions

In this appendix, Table 4 gives estimation details of all other growth functions that do not fit the data collected.

A.3 Accuracy of the regression

In this appendix, we present the production regression accuracy (Fig. 8), and the cumulative sum of the recursive residual (Fig. 9) to test the
parameters constancy.

Table 3
Data collected by Ifremer for the French Guiana shrimp fishery over the period 1995-2011, SST and mangrove surface.

Year Biomass
(tons)

Total
catches
(tons)

Effort
(days of
fishing)

Sea surface
temperature (°c)

Mangrove
(km2)

1995 10,120 4010 15,723 27.87 461
1996 10,303 4323 17,116 27.86 457
1997 10,409 3984 16,992 27.66 451
1998 9739 3940 16,320 28.43 454
1999 8765 3495 16,013 27.94 458
2000 6302 2572 14,764 27.80 459
2001 6809 2651 14,026 27.67 463
2002 8120 3043 13,058 27.72 474
2003 9110 3557 12,504 28.08 482
2004 8778 3325 12,550 28.16 485
2005 8026 2943 9266 28.37 485
2006 6173 2222 6141 27.94 490
2007 6096 2369 7278 28.02 500
2008 4000 1496 4667 28.05 503
2009 3705 1323 4489 28.09 498
2010 3007 943 4344 28.12 502
2011 2905 1037 2168 28.15 519

Table 4
Estimates of the Cushing, logistic, and Ricker natural growth functions.

Xt+1+ ht= + +aXt
b cθt tdM Xt+1+ ht= + + +cθaX bX dMt t t t

2 Xt+1+ ht=aXtebXt+cθt+dMt

a 1.42 (0.0376) −0.45(0.852)
ln(a) 0.213 (0.626) 1.90 (0.009
b 1.79 (0.0062) −2.39E−06 (0.960) −5.61E−07 (0.9191)
c −0.028 (0.532) −22.81 (0.729) −0.029 (0.0516)
d 0.000834 (0.0532) 27.75 (0.501) 0.0005 (0.241)
R2 0.96 0.93 0.96
R2adjusted 0.95 0.92 0.95

Notes: p-Values between brackets.
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