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Abstract: A three level trophic fish web model is proposed, consistifglepeiforms pilchard ardina pilchardus) and anchovy
(Engraulis encrasicolus), at the bottom, mackereS¢omber scombrus) in the intermediate trophic level and tunnifh(innus thynnus)
as top predators. The model includes human harvesting. [lpeiforms population is further partitioned into threeadasses, eggs,
larvae and the adult fishes to account for possible cansibabut mainly for the fact that these larvae in the Meditezeancountries
are highly appreciated as a delicacy for human consumpitiothe absence of fisheries, to prevent total extinction aathtaining
coexistence it is important that a sufficient amount of eggslize to form larvae. The predation rate of larvae by offsh populations
also has an important role, especially for the occurrencpeoiodic solutions. Different harvesting policies arertheumerically
simulated. Independently of the harvesting policy usednevsmall amount of selective harvesting of larvae may dasakextinction
of the system. To prevent it, fishing that avoids the catctheflarvae should be adopted. With non selective harvedtiegystem is
preserved, but for certain parameter ranges oscillatinas,avhich under unfavorable environmental perturbatioray lead the food
chain to collapse.

Keywords: Trophic levels; Food web; Cannibalism; Extinction; Harues strategy; Stage-structured model

1 Introduction In this investigation we consider a complex situation
in which several fish populations interact in a food web,
to which is added also the external human intervention,

Starting from the seventies, researchers in mathematic;{?prese”ted by fishing. We mainly concentrate here on the
biology have devoted much effort to the study of food 'Undamental role that younglings have in shaping the
chain systems1[7,25,30]. Also models for cannibalism PoPulation dynamics and how this ultimately affects the
have been investigated, since they frequently occur ifuturé outcome of the whole aquatic food chain. This is
natural systems,2[23,3§]. More recently, in the past Particularly important in a closed sea such as the
twenty years, several models for plankton dynamics havé/lediterranean. In part larvae can be subject of
been formulatedd, 19,33,34]. This is a relevant research Ccannibalism by their own adults2§], and above all they
topic because of its importance for human feeding. In fact'® harvested by man. Both these aspects are suitably
plankton lies at the bottom of the food chain in the ocean,[@ken into account in the model. The aim is the

and thus ultimately also affects fisheries. Some of thelnvestigation of selective harvesting on the larva of a

models combined also the physical features of the ocearpP€Cific fish population, in presence of its predator and a
[31], other recent research efforts have been dedicated tfPP Predator. We compare the results with unselective
the issue of pattern formation,16,27,24], and the nshing onall the fish populations.

occurrence of red, or brown, tide$, 7], which also have In ltaly the whitebait of anchovy and pilchard are
a negative effect on important human industries such asndicated with the vernacular term dfianchetti (or
fisheries and tourism. gianchetti). As in use for other fish species both in Europe
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and in other countries of the world, such as New Zealandand tunny, in turn gather into schools with the aim of both
Australia, China, in Liguria and in other Italian Regions increasing their field of vision, therefore the hunting area
also the whitebait of anchovy and pilchard remains in theand of hunting in a coordinate and cooperative way. For
human alimentary tradition as a delicacy and expensivenstance tunnies form sets of 10-15 individuals which
food. In fact, while fishing ofbianchetti of anchovy is  arrange themselves in a parabolic formation, with the
forbidden according to rules of the European Communityconcavity ahead. In this way, the prey are gradually
(CE 2550/2000), fishing of pilcharthianchetti is still surrounded and the predators save energy. Moreover,
allowed, though regulated by norms and periods whichamong the reasons leading to the formation of wide fish
vary every year and depending on geographic locationsgatherings, there could be a number of advantages, among
usually it is performed for 60 days in the period betweenwhich energy saving, as mentioned, and also more ease in
January and Marchlp]. Specifically, in 2010 the period reproduction§.
has been from February 15th until April 15th. Furthermore, blue fishes include migratory species,
Considering the size of the young fishes, from 7,000 tomoving in the water both vertically and horizontally; the
12,000 individuals can be found in 1 kg of catch andreasons, the duration, and the extent of the migrations
during a season of fishing, along the Ligurian coast, thevary from species to species but are mostly connected
authorized boats can fish up to a few tonsbdnchetti. with trophism and reproduction, in addition to
Recently, consumption of the blue fish has increased, eveanvironmental reasons, such as salinity and temperature.
if the rate of catch is flatly decreasing. Recent reports, In the Mediterranean, the species belonging to blue
[14], indicate that alsdianchetti consumption in Italy has fish have size ranging from 10 cm up to 1 m; in addition
increased in the past years, despite a decline of the catchto the clupeiforms pilchard Sardina pilchardus) and
The paper is organized as follows. After giving some anchovy Engraulis encrasicolus), they include different
biological background, in Section 3 we describe thespecies, such as macker8tgmber scombrus) and tunny
model. In Section 4 we analyze the system with no(Thunnusthynnus).
harvesting, establishing the equilibria and their stahili The anchovy makes remarkable migrations
analytically or by means of simulations. In Section 5 approaching the coast in the spring while going down, in
harvesting is taken in consideration, with a comparison ofwinter, to depths of more than 100 m; it has trophic
several options for the strategies. A final discussiondiurnal habits and feeds on zooplankton, selecting prey
concludes the paper. one by one. The reproduction occurs from April until
September, with a peak in June-July; its maximum length
is about 20 cm, 4]. The pilchard makes vertical and
2 Biological background horizontal migrations according to the temperature. It
feeds on plankton filtered by means of branchial spines,
The term “blue fish” identifies a group of deep-seathin and dense. The reproduction occurs all year round
species, characterized by a dark blue color, also withand shows a maximum in winter; the maximum size is
green shades, on the back and on part of both sides about 20 cm 4]. At the hatch thebianchetti are 2 mm
well as a silver color on the sides and the abdomen. Inong and maintain a transparent body till they reach the
water, this color takes on a mimetic effect, since the fishlength of 35-40 mm: at this point, the body begins to
becomes invisible for predators, both fishes andpigment and the pigmentation is complete when the size
cetaceans, which prey on it from the bottom upwards, ageaches 60 mm (“dressetianchetti). Thebianchetti live
well as horizontally, or from the top, mainly the birds. near the coastline and move to the open sea only when
The blue fish are mostly gregarious, the gathering in formthey have reached maturitg][
of school reducing for the single specimen the possibility = The mackerel makes seasonal migrations, being in
of being predated. This occurs because the predator, ideep waters during the winter and moving towards the
front of a remarkable number of prey, feels difficult to coast during the reproductive period, i.e. around the end
select the individual fish to attack?2(,26,35]. Already  of the winter to the beginning of the spring. Since the
almost a century ago it was observed that schools obeginning of autumn, it feeds mainly on small
sardines can confuse Great Northern loodg, |h other  clupeiforms. The maximum size of the species is 30-35
situations the same phenomenon is observed, for instanaam, exceptionally up to 50 cm, and the maximum weight
Japanese honeybees form a defensive ball arount about 1.5 kg3].
attacking hornets22], while flocks of Bush tits detecting The tunny ravenously feeds on all the fishes it meets;
hawks make a confusion choru&§]. In fact, considering the fish interrupts feeding only during the reproductive
the limited visibility in water, every fish can be seen by a period, i.e. around May and June, when it moves towards
predator in a restricted field, defined by the maximumthe coast; it begins again the trophic migration to the open
distance of visibility: if the fishes of the school swim very sea at the end of summer or beginning of the autumn. The
near each other, they cause an overlapping of fields antlunny length is well over 1 m and up to 3 m, with a
the probability by the predator to sight a school on theweight from 30-40 kg up to 400 k.
open sea becomes only slightly greater than that of In the Ligurian Sea (Northern Mediterranean), the
sighting a single specimen. The predators, like mackerelvaters 10 miles off the coast represent a “meeting point”
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for some species of blue fish, i.e. a trophic and migrationrespectively, u is the loss rate ofg, due to natural
area p]: anchovy and pilchard constitute prey for the mortality, dispersion due to the currents, predation by
mackerel which in turn is prey for the tunny. When the other speciesy is again the loss rate of individuals in the
mackerel is in shallower waters, at the end of winter, itL population, but in this case in addition to the above
feeds also orbianchetti. Mainly when it is juvenile, the  mortality factors, also the maturation process into adults
tunny prey also the clupeiforms. Besides in the gutis accounted for;8 > e denotes the net loss in egg
content of anchovy also thgianchetti have been found, populationE due the cannibalism of the adult fiSon its
[29], evidently selected by the anchovy during its feeding own eggs and the fecundation process for which eggs
“one by one”. During its non selective filter-feeding on mature to the larval stage. The parametaris the
planktonic organisms, the pilchard eats its own eggs andeproduction rate of th& population; the mackerels
small larvae. hunt at ratea; on larvaelL and a, on pilchardsS with
The man feeds on all the levels of this trophic chain: mass conversion factokg andk; respectively; similarly

in the Ligurian Sea the blue fish represents theb and h respectively denote the predation rates and
predominant part of the superficial fishing, performed by conversion factors o on S while ¢ andg are again the
means of seines, having mesh-size and length which varpredation rate and conversion factor of tunniesby
according to the fish species to be captured. Lately thehunting F’s. The natural death rates & F and P are
recommendations relevant to correct human feedingespectivelyn, f andp.
induce an increased consumption of the blue fish, whose The first, second and the third equations denote the
meat is rich in unsaturated fatty acids. evolution of the various life stages of the pr8yIn the

first equation for the eggs dynamics, the first term denotes

the loss of eggs due to natural mortality, predation by
3 Modd formulation other species and dispersion. The second term represents

new recruits due to reproduction of the adults. Their
We begin by illustrating the system characteristics. ThergEnvironmentis a large area with enough resources, so that
are two adult populations involved, the top, and  Malthus growth can be assumed. The last term models
intermediate, F, predators, tuna and mackerel canmbahsm_byS and maturation to becomiaianchetti
respectively, while in view of the interest in the fishing of du€ to hatching. Note that both these processes are related
bianchetti we partition anchovies and pilchard, among to encounters of |nd|V|o_IuaIs in the two popy_latlops either
adults, larvae and eggs, denoted IS/ L and E for predation or for matl_ng, as eggs are fertilized in watgr.
respectively. For mathematical simplicity, we at first ~ T1he second equation shows the larvae dynamics.
assumed the interactions among the populations to be dpdwldugls enter this glass via maturation, first term, and
the form Holling type 1, i.e. governed by the mass action are subject to.mortallty or mature to becqme adults: in
law. Later on, to observe the robustness of our results, w&0th cases their numbers decrease, and this is modeled by
numerically tested the model also with a Holling type II the second term; finally they can be prey of the mackerels

functional response. F. The pilchardsS are modelled by the third equation.
The model is They enter this class from matured larvae, at tatev,

dE are subject to the natural mortality, second term, and are
— = —pE+mS- 6ES preyed by mackerels and by tunnies. The mackerels
dt dynamics benefits from hunting the larvae and the
% —eSE— vl — aylF — Hy(L) pilchards, first two terms, but is subject also to hunt by
dt ! ! tunnies and to its own natural mortality, third and fourth
ds terms. The tunnies could in principle also feed on other
at IL —nS— a5 —bSP - H;(9) 1) sources, but we disregard this situation here. They feed
dF both on the pilchards and on the mackerels, first two
ot = 8tkiLF +agkeSF — cFP— fF —Ha(F) terms of the last equation, but die out exponentially in
dP their absence, third term.
o bhSP+ cgFP — pP — Ha(P).

Here, also human interference, i.e. fishing, is accounted . .

for. The harvesting strategies for the larva and different4 The system with no harvesting

fish populations are modeled by the last terms of each

equation, but for the first one, and respectively denoted by, 1 Boundary equilibria and their stability

H; and H». In this way we account for the fact that

bianchetti may or may not be subject to the same fishing

strategy as the other fishes, while all the adult fishes ar@roposition 4.1. The system X) with no harvesting,

harvested with the same strategy. H; = H, = 0, has the following boundary equilibria in the
The parameters and| represent the maturation rates E — L — S— F — P phase space, in addition to the trivial

from egg to larva and from larva to adult population equilibrium in which each population vanishes,
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Vo = (0,0,0,0,0): other types of food. At the peak of the summer instead,
A after the reproduction season, the feeding of the young
v, = (E7 "2 a0, 0) Y/ L AL mackerel is rather voracious and based on everything they
e’ | mel — 6vn can find, whether be it pilchards’ eggs, pelagic
v,= (o pe® p _le®—nv mp crustaceans, clupeiforms or zooplankton.
2= ( "bhv’'bh’™” vb ) ’ ~ ubh+6p’ Proposition 4.2. Exploring the case in which mackerel

divert their attention fronbianchetti, i.e. settinga; = 0,

There is_another boundary equilibrium point the equilibrium poin¥/3 can be explicitly evaluated,

V3 = (Es, L3, S3, F3, 0) with P =0, where

~ mf f(n+axQ f
Es= mSs :M V3E(aku+9f’ (aklz )’ak’ ’O>’
3T e i ; ko ko ko
fl where,
 agky(n+agF3) + agkal o efim- vuadky — vnpagky — vnlf — va O f
whereFs is a root of the equation B vef +vuagky '
4 3 2 _
QuF" + Q2F "+ QaF“ + QsF + Q5 =0 © Remark 4.2. In this case, i.e. foa; = 0, V3 is feasible for
with Q; = alk?agu and eflm> vuadk, + vnuagks + vno f + vayof.

Proposition 4.3. Next if we assume thdt does not feed

Q2 = (akun+agkol aipkyap +arkaa(vuarkiay onS, i.e.,a, = 0 the equationZ) becomes,

+a2pkyn+ agpagkol + a1 0 fl + a2 ka3
+a§a2ukln),
Qz = (azkin+ agkol ) (vuagkiap 4 a2 ukin + agpagksl _ . - .
0l + a2uiks a2+ a2as ik K o] The equation ) has a unique positive real root if and
‘e Ofl +ajpkia; +agagpkin) +akiaz(ain only if efI?m> vnBfl + vuaikin?. Thus whena, = 0,
+aZappkin+ vagksl + ajnuagksl + vefl the equilibrium poini/; is feasible for
+a2pkin? + vapparkyn 4 agpaskol

(@2ukin+a18f1)F2 4 (vOfl +aind fl + afukin?
+vuaikin)F —efl1?m—+vn@fl+vuakin®? =0.  (3)

X efl?m> vné@fl 4+ vuarkyn?. (4)
+vuaikias + vuaikin +aja0fl),
Qs = (agkan+ agkyl ) (a1nB fl + alagpikyn + vagksl The stability properties of these equilibrium points are
5 5 studied through the Jacobian matrix analysis. The Jacobian
+ainpagkol +ajpkin®+vofl +vaguaikin J at an arbitrary point is given by the matrix below with
+arpadksl + vuarkias + vuaikin+ ;2,0 1) Jas = aksL 4 akoS— cP — f, Js5 = bhS+ cgF — p,
+arkiap(vnuagkol + vapuagkin+ vagkin? _u-6S 0 m— OE 0 0
+vnBfl 4+ vuazksl — efl?m+ vay6fl), eS —v-—aF eE —ajll 0
Qs = (azken+ agkal ) (viadksl — ef12m+ vnpagksl 0 I —n-bP-aF —aS -bS
5 0 alle a2k2F Jaa —CF
+vaguaikin+ vnofl +va8fl 4+ vuarkin®). 0 0 bhP cgP  Jss
. . o . 5
Proof. SinceQ; s’, i = 1,2,3 are positive, equatior2) ©)

has a unique positive root if and only @ < 0. Thisis  Proposition 4.4.Vo is always stable.

only possible ife or m or both are very large so that the Proof. The eigenvalues associated with the mat® (
termefl?’m becomes greater than the other positive termsevaluated at the origin arep, —v, —n, —f, —p. Since
present in the expression @@, and Qs. Hence, the all the eigenvalues are negative real numbers, the claim
necessary and sufficient condition for the feasibility of a follows.

unique boundary equilibrium poing is thatem should  proposition 4.5. V; is always unstable.

e);cslgg;éq;e;?old 8’ ac‘)l'r”'g' Fu(r)t?grr,t;rgrfr;;r;ebﬁqalgfl%ﬁgof Proof. Two eigenvalues associated with the mat& &t

w itheey -~ 2 7 IDIY 018, v/, are explicitly given byagkinAl—1 +apkoA — f, bhA —p

.e.,F has to feed on eithdr or S This is obvious, since %nd the remaining ones are the roots of the cubic equation
no other food sources are present for the mackerels, an

in their absence the latter would disappéar.

Remark 4.1. The feasibility condition folv; is given by

mel > Bvn, for V, feasibility is ensured b{e® > nv. wherew, =n+v+ U+ 0A, wp = (U+60A)(N+V), w3 =
Generally it is the size of the predator that selects theA(elm— 8vn). From the existence criteria we hawvel >

size of the prey. In the autumn, rather than pilchards’ eggsw 6, sows < 0. Hence, by the Routh-Hurwitz criterion the

or zooplankton, mackerel prefer, or find more abundantclaim follows.[

Y3+ Y2+ wpY + a3 =0, (6)

(@© 2016 NSP
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Proposition 4.6. V; is stable if and only if the following 4.2 The coexistence equilibrium
conditions hold:ns > 0, N2 > n3N1nN4 andazk; pmed +

azkopv < cmleh® + cnhv + fbhv.

Proof. The eigenvalues of the Jacobidi) at\, are

We now turn to simulations. Fecundity of pilchards

21K1PeO + 8zkppv — cleh® — cnhv — fbohv depends on geographical area, ranging from 50000 to

bhv 60000 and from 76000 to 490000 eggs, with spawning all
and the roots of the quartic equation year round once or twice per year. The larval stage
duration from egg to adult lasts 40 day$1[37]. Based
MZ*+ NoZ%+4 N3Z? +naZ+ns =0, (7) on this information we consider two possible scenarios,
one with low reproduction rate and one with a higher one.
with coefficients In the first case, assuming 72000 eggs per year mature,
Ny = vbh we getm = 200 per day, while in the latter one we have
1 ' ) taken 360000 eggs per year to mature, giving- 1000
N2 = le@bh+vbh+ uvbh+6pv, per day. Splitting evenly the maturing duration among egg
N3 = pbhle® — pbhvn+le©ubh+1e©6p to larvae and larvae to adult, we talke= 0.05 and
2 2 v =1 = 0.05. For the mortality,10], the natural mortality
+2V Hbh-v 26p, ) amounts to 0.64 per year, slightly lower, 0.5, in the
N4 = p°1e@6 — pv°nbh — puvnbh — p“@vn— plemv Adriatic, [29], giving n = 0.002 per day. ForTunnus
+le@0pv + ple@vbh+ ple@pubh, thynnus natural mortality is 0.14 per year for all ages,
Ns = pvle@pubh+ p?vle@d — pv2unbh — p2v26n. [15], giving p = 0.0004 per day. We use the same values

- _ also for mackerelf = 0.0004.
Hereni andn, are always positive. From the existence

criteria of Vi, n3 and ns are also positive. The Routh
Hurwitz conditions indicate that all the roots of the
equation 7) have negative real parts if and only if
M >0, N3 >0, ng>0andnz > N3Nina. O

Since it was not possible to find a closed form¥egrit
is not possible to find the stability conditions explicittyrf

Table 1: The parameter values: those that are found in the
literature, [L1,37,10,29], are reported with a star, the remaining
ones are hypothetical.

V3 and hence this analysis is omitted. HoweVgrtakes a Nf me 5 Ogﬂuefl Name = kvflludesfl
simplest form witha; = 0 and so the stability property at g;n 0 Oaly 3\2/ P Og da;)i
Vs is studied witheg =0. . . i 0.3day’! b 0.0015 kg 'day !
Proposition 4.7. The equilibrium poin¥; (assumingy = *e  0.05kg lday! c 0.27 kg day
0) is stable if and only if both the following conditions hold *n 0.002 day * *f 0.0004 day
bhf *| 0.05 day™* ka 0.6
ok +cgQ < p, {4>0, &> (143 2] 0.2 kg tday ! ko 0.5
K2 ar  23kgldayl | *p 0.0004 day?
_ S h 0.0001 - -
Proof. The eigenvalues of the Jacobidi) &tVs with a; =
0 are bhf
— +cgQ - p,
ko +Cg p

The set of parameter values taken from literature are

and the roots of the quartic equation, summarized in Tabld. For further analysis the interior

4 3 2 _ equilibrium is investigated by means of numerical
QVIHGVTH GV GV + G5 =0 (8) simulations using the Matlab built-in routine ode45 with
whered; = agkp, £ = Vagka + nagks + a3Qkz + py, the parameter values given in Table Under these
conditions, the coexistence equilibrium is stable, see
{3 = a3Q fko + nagkov + a3k, Qv Figurel.
+p1(N+2Q + V) — M’ Taking now the conversion rate from egg to larva as a
P1 parameter to study, we find that whenis reduced to
U= agszgv + p1(axfQ +vn+aQv) 0.000071, all populations vanish and the system
lemfapkopt collapses, see Figur@. Thus total disappearance is
—lemf — —— possible if a large enough amount of eggs does not hatch
p1 to become larvae, supporting and furthering our analytical
(5= fapQp1v andp; = pak, + 6f. results of the former Subsection on the local stability of
Sincel, > 0 and{s > 0, the claim follows[] the origin.
(@© 2016 NSP
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Fig. 2. Total extinction of all the populations in systerd) (vith
no harvesting for a very low egg maturation rate 0.000071.
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5 The various harvesting policies

Here we study the actual systeni) (with different

indiscriminately on all the web populations, respectively
The case of fishing on larvae only is also contemplated
although less realistic, as the adult fish catching in génera
continues the whole year round.

5.1 Linear harvesting policies

We study the system with the assumption that the
harvestingH; is done on the larva¢ via the function
Hy = qiL, g1 being the harvesting rate of the larvae, while
the adult fish populationS, F andP are harvested at a
different rate gy, via the functions Hx(S) = qpS
Hz(F) = qu, Hz(P) = q2P.

With these assumption od; andH, the system 1)
again has three boundary equilibrium points in addition to
the origin. These equilibria are

U, = <(v+q1;(n+qz)7 (n+|qz)<1>7¢7070) ’
H(V+ar)(n+a2)
mel —8(v+a1)(n+02)’

@:

U, = (qJ (p+a2)e¥ (p+0a) 0 lew _n+q2>
- "bh(v+aqi)” bh "7 (v+agb b ’
__ mp+a)

pbh+6(p+aqp)’

U; andU, are feasible respectively for

mel >0(n+q)(v+ar), e > (n+agz)(v+aqr).

If we compare the values of the equilibria and their
feasibility conditions for this case with those for the mbde
in absence of harvesting, we note that the only difference is
in the scale, since here the constants, f, p of the model
with no harvesting get here replaced by g1, n+ 0p,

f + a2, p+ 2. The same changes occur for the feasibility
of Us, similar to the one o¥/3, and for the stability of all
the equilibria. Thus we omit the analysis.

From the available literaturel ), the fishing mortality
in the Adriatic, R9], is 0.30 per year so thaf; = 0.001
per day. The fishing mortality fofunnus thynnus depends
on the age, and we use an average valug,cf 0.0004
per day. So, for further analysis we simulate the system
(2) numerically with the parameter values given in Table
with g; = 0.001 andy, = 0.0004 as found in the literature.

In these conditions the populations coexist, see Figure
But if the harvesting rateg; andgy, are both increased to
the level 002, we observe total extinction of the system.

5.1.1 Harvesting only of larvae

harvesting policies, for the prey fish at the larval stage and
for all the adult fish populations. This means that we takeAlthough not much realistic, since fisheries operate

two functional forms forH; andH, and combine them

continually in time, we study here the food web with the

also with selective and unselective harvesting, i.e. wherassumption that the harvestitdy is done only on the

the latter

is performed only on adult

fish or larvae. Using again the set of parameter values given in
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Fig. 3: Coexistence for the systerh)(s attained when the fishing Fig. 4: Starting from the coexistence state of Figurewith
efforts areq; = 0.001 andgp = 0.0004, as given in the literature.  selective linear harvesting dnat rateq; = 2.1, g = 0, the other
Here the linear form of harvesting is used. The other pararset parameters being the same as in Figyrthe food web collapses.
are the same as in Figute

400 2

Table 1, if we introduce fisheries with removal rate
g1 = 2.1, the whole system is driven to extinction, as H 200
depicted in Figure4. Thus increase in harvesting on M
larvae can drive the system to total extinction but that 0 500 looo 0 500 1000
need almost a 2000 fold increase than normal rate and . e 10 e
that too with the top predator taking much larger time

than the others species. Thus in case of linear harvesting v o5 L5
strategy only on the larval population, it is very difficult M
to cause total collapse of the food web. Recall however % 500 w0 % =00 1000
that this situation is quite unrealistic, since adult fishes Time Time

caught generally the whole year round. 15

-1

0.
5.1.2 Harvesting only adult fish ’

0 500 1000
We consider the systeni)(with the assumption that the Time
harvesting is forbidden on the younglings, i8.= 0 and
H, is performed only on the adult fish populatioBsF Fig. 5: Again for linear selective harvesting on adult fish only,
andP. For small values ofj; the system is stable at the starting from the condition and parameter values of FidLinee
coexistence steady state, but we do not report graphicall§Ptain total extinction with fishing effortg = 0, g2 = 0.01.
this result here. As the value is increasedjto= 0.01 we
observed total collapse of the system, Figbire

law of diminishing returns, §,13,16,21], but see also
[32). The two functions for the larvae and for the adult

5.2 Harvesting with bounded maximal return fishes are respectively expressed by

We now consider a more realistic description of the fish giL O2X

patches, expressed by the'HoIIing type-Il function. For Hi(L) = 14l 2(X) = Trx

illustrating the features of this function with respecthe t

Holling type-l one can consult any standard text in The model {) with these functions becomes too complex
mathematical biology or even in operations researchto be studied analytically. We rather investigate it only by
where the gain expressed by this function is known as theneans of numerical simulations. For the usual set of
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parameter values of Table and new parameter values

for the harvesting functions given by = 0.001, 1 I ¢
g2 = 0.0004,r; = 0.1 andry = 0.4, the system shows 1 3
stable coexistence. The system remains unchanged fora "o
large range of; andr,. But, as expected, upon increasing 05
the values ofg’s, like in linear harvesting, here too the v w m ®m mw  9v ® m ® W
system becomes totally extinct. ] fie fime

0 Los

6 A possibly endangered situation .

) ) 0 .’;0 160 1!30 200 O0 5‘0 160 150 200
We now consider a set of hypothetical values and perform Tine Tine

bifurcation analysis to understand the possible ecoldgica 2
danger associated with possible shifts of some parameter
values due possibly to relevant exogenous changes in the 1
environmental conditions. The hypothetical set of
parameter values, given in Taleare chosen so that the R
system shows stable coexistence. We start by searching fie
periodic solutions.

Fig. 6: Coexistence of all the species via oscillations in system
(1) with no harvesting when thE’s hunting ratea; increases

Table 2: A hypothetical set of parameter values. here from 065 to Q7S.

Names values Names values
m 0.35day ! ay 0.2 kg tday !
g 0.6 v 0.3day?!
u 0.3day?® b 0.6 kg tday ! 1 4
e 0.8 kg lday?! c 0.7 kg lday?! £ 09
n 0.14 day * f 0.4 day 't 08 ¢ 2 \&
I 0.5day?® ky 0.7 07 !
0 0.2 kg lday?! ko 0.2 0652 o4 06 w8 T @ 002 04 06 08 1 12
a 0.65 kg tday* p 0.5day ! o 08 .
h 0.5 - - 19
1.7
sl N F
The values of different parameters are varied one by ;19
one, keeping all the other ones fixed. It is observed that 0702 04 08 08 1 12
when the predation rate; on L by the predators- -
increases to @5, the system shows coexistence through .
periodic oscillations, see Figufe This is clearer from the P

bifurcation diagram obtained using AUTO, Figuig
where we have taken the paramedgras the bifurcation
parameter. It is observed that for low value @f, the VhE b IE R T e

populationF goes to extinction, while all the other ones

attain a steady state, with constant values independent fig. 7: For the system1) without harvesting, using AUTO, we
the values of the parametai. Past the branch point in plot a bifurcation diagram taking thE’s hunting ratea; as
the terminology of AUTO, which in this case is rather a bifurcation parameter. At the critical poirt there occurs a
transcritical bifurcation point, all the populations c@x Hopf bifurcation. BP stands for branch point, i.e. a traitised

at a stable steady state withincreasing asy increases, bifurcation, and HB means Hopf-bifurcation.

and all the other populations instead diminishing. When

the value crosses some threshold vadyg specifically

here it isa;; = 0.67, at which a Hopf bifurcation occurs,

the populations coexist through periodic oscillations. hunting rate of’s on larvae therefore plays an important
Thus we have proven by means of simulations therole in the dynamics of the whole system and
existence of a critical threshold;. where the Hopf consequently on the evolution of larvae and their
bifurcation occurs around the positive steady statepredators. The same bifurcation is obtained dgr i.e.,
thereby inducing oscillations of the populations. The predation rate o by the predator§, not reported here.
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Fig. 8: Bifurcation diagram, obtained using AUTO, for selective Fig. 9: Bifurcation diagram, obtained using AUTO, as function
adult fish linear harvesting, i.e; = 0, takingqy as bifurcation  of the effortq; for the Holling type Il selective harvesting on
parameter. Note the Hopf bifurcation at a lower criticalueal larvae only. HB means Hopf-bifurcation.

here the value is very small, and total extinction when a diigh

threshold is reached. BP stands for branch point, i.e. dréitsl

bifurcation, and HB means Hopf-bifurcation, SN is for saddl

node bifurcation. . .
steady state, which exists for a small range mqf

followed by a range ofy; for which all the populations
coexist via limit cycles, past the Hopf bifurcation point
located atg; ~ 0.12. In fact for this small value of;, a
Hopf-bifurcation, HB2, occurs and sustained periodic
solutions arise.

Interesting findings on bifurcation are observed in the
model with harvesting, for example linear harvesting on
adult fish only. To understand the changes in the
dynamical behaviour of the species as functions of the Again to investigate the relation between the
changes in the value af, we plot the corresponding capturing rate; and the saturation constant we plot in
bifurcation diagram in Figure8. The structure of this the two dimensional; —q; parameter space a bifurcation
picture is rather complicated, showing a branch point, i.e diagram, FigurelO. For low values ofr; and ¢;, we
a transcritical bifurcation, two Hopf bifurcations and a observe a saddle-node bifurcation SN5. For very low
saddle-node bifurcation. For a certain rangeypfall the  values ofry andq; the system attains a stable coexisting
populations coexist, then a bifurcation occurs andstate, but by increasing either or o, the stability of the
oscillations arise. In Figur® at the branch point, i.e. system is destroyed and the system shows periodic
transcritical bifurcation, BP4P vanishes while the other oscillations.

populations remain in the system. gsincreases past the We finally consider the harvesting with bounded
branch point, i.e. transcritical bifurcation, BP4 there maximal return for all the adult fishes, i.e. we ggt= 0.
occurs a Hopf-bifurcation, HB5, among the remaining With the parameter values given in Talleand fixing
populations and then a saddle-node bifurcation, SN6y, = 1.2, we plot the bifurcation diagram, Figurkl,
leading all the population to collapse, i.e. causing totaltaking g, as the bifurcating parameter. The structure of
extinction of the system. But already an important remarkthis diagram is again rather complicated, showing a Hopf
here is that even for a not so large value of the harvestingifurcation HB2 for very low values ofjp, around 004,
rate,qz ~ 0.17, the top predator population disappears. leading to an unstable manifold for which the system

Next we consider the model in the presence ofpopulations start all to oscillate giving rise to limit cegsl
harvesting with bounded maximal return. We considerin the phase space. With an increasejinwe observe a
this type of harvesting only on the larvae, i.e., we havesaddle-node bifurcation (SN6) and a branch point, i.e.
system L) with g = 0 = H,. With the parameter values transcritical bifurcation, located aj, ~ 0.22. Past this
given in Tablel andr; = 0.7, the bifurcation diagram is value, it is seen from the figure that the top predator
plotted in Figured takingq; as the bifurcating parameter. population gets extinguished. But the presence of the
The changes in the dynamical behaviour of the species asaddle-node bifurcation itself ultimately drives the wdol
functions of the larvae capturing rates show an initial system to extinction.
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Fig. 10: Two parameter space diagram, obtained using AUTO,Fig. 12: Two parameter space diagram, obtained using AUTO,

showing the stability regions as functions @f andr; for the
Holling type Il selective harvesting on larvae only. A sazldode
(SN) bifurcation is observed for low values @f andr;.
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Fig. 11: Bifurcation diagram, obtained using AUTO, as function
of the effortq, for the Holling type Il selective harvesting only
on adult fishes. BP stands for branch point, i.e. transatitic
bifurcation, and HB means Hopf-bifurcation, SN is for saddl
node bifurcation.

showing the stability regions as functions @f andr, for the
Holling type Il selective harvesting only on adult fishes.oTw
CUSP bifurcation are observed, both for low valuesygf but
one for low value of, and the other one for a high value rof

We also provide a two-parameter space diagram in
terms of g and rp. In addition to the saddle node
bifurcation, located on the bottom left and almost
overlapping a cusp bifurcation, we observe the presence
of a second cusp hifurcation for a moderate valugof
see Figurel2. The cusp bifurcation implies the presence
of a hysteresis phenomenon. For the first one of the two,
this is also clear e.g. from Figur&l looking at the
behavior of the top predator populatiBmearg, = 0.22.

6.1 Numerical Result with Holling type-I1
interaction

To understand the effect of predator saturation, we now
perform a numerical test on the modé&) fnodified with
Holling type-Il functional response as the interactiomter
and then compare the result with the original modg! (
With this assumption, the model)(becomes

& = HE+mS-6ES

z—'t‘ —eSE—vL— 1?;';: ~Hy(L)

thS: IL=nS- 1(122;: - 125;; —Ha(S) ©)
dP _ bhSP cgFP P Ha(P).

dt  1+yP  1+pP
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Fig. 13: For the system9) without harvesting, using AUTO,
we plot a bifurcation diagram taking tH€s hunting ratea; as
bifurcation parameter. Here also, like in case of systéntiiere
is a critical pointa; where Hopf bifurcation occurs.

To capture the robustness of the results we start with the
parameter values corresponding to Tahleith 8; = 0.1,

B> =02, 1 =0.16, y» = 0.2. The system9q) without
harvesting shows a stable interior equilibrium steady
state. Next we plot the bifurcation diagram with the
hunting ratea; as bifurcation parameter and observe the
same qualitative result, see Figuls. But when we
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Fig. 14: We plot a bifurcation diagram for the syste8) (vith a;
as bifurcation parameter for a higher predator saturatbmstant
B1 = 0.2. In this case no Hopf bifurcation occurs.
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increasef; to 0.2, the effect of predator saturation is ' %
immediately observed, with no Hopf-bifurcation
occurring in the bifurcation diagram, see Figive

To observe the effect of harvesting we first simulate
the system9) with linear harvesting wittg; = 0.07 and
02 = 0.06 keeping the other parameters fixed and observe
periodic oscillations. We again observe periodic soligion Fig. 15: Bifurcation diagram for the systen®)(as function of
when we simulate the systen®)(with Holling type I the effortgy for the Holling type Il selective harvesting only
indiscriminate harvesting wherg; = 0.07, g = 0.06,  on adult fishes. BP stands for branch point, i.e. transafitic
r; = 0.6,r, = 0.9. These results are in agreement with the bifurcation, and HB means Hopf-bifurcation, SN is for saddl
results we obtained for the moddl) (with a difference in  node bifurcation.
the quantitative value af; andgp. Finally we perform a
bifurcation diagram takingg, as the bifurcation
parameter, see Figulb. The structure here is the same
and as complicated as we observe in case of the linear
interaction term. Thus we may conclude that the result we
obtain from the linear interaction term mod#) {s robust
enough to hold true for other models with different
functional responses.
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7 Discussion total extinction, this kind of selective harvesting must be
avoided to prevent extinction of the food web.

Here we considered a five dimensional population model,  With the hypothetical less realistic set of parameter
modelling the situation in the Ligurian sea. This for two values for endangered ecological situation, we observed
main reasons. The Ligurian sea is one of the mosthat for too low value of the hunting rate; of the
important places in the Mediterranean where the catch ofnackerels on larvae, the former become extinct. For other
bianchetti is exerted. Secondly, this catch is not present insjtuations in nature leading to such outcome, 2. [

all the Mediterranean, since in other cultures perhaps therhis is understandable since larvae and pilchards in this
larvae are less palatable, or due to the local environmentahodel are the only food source of the macketelsnd
conditions,bianchetti are seldom present. The food web the combination of a lovey with a low hunting ratea, of
accounts for the fact that clupeiforms constitute the preythe mackerels on pilchard$ (Table 2) causes the

for mackerels and both are predated by tunnies. Thextinction of mackerels. For a moderate valueagf all
model is set up also to investigate how the possiblethe populations coexist at a stable steady state, bur if the
cannibalism of clupeiforms on their larval offsprings and value of this removal rate further increases and crosses a
the latter being subject to capture by selective fishing tothreshold valueas., a Hopf bifurcation occurs and the
get the valuablevianchetti affects the long term system populations now coexist by exhibiting persistent periodic
dynamics. In the absence of this selective harvesting, thescillations. These remarks enlighten the role of the

predators-free equilibrium is never stable, so thatremoval ratea; in shaping the dynamics of the food
clupeiforms with their eggs and theanchetti never settle  chain.

to constant values. The conditional stability of the other Under the same ecological endangered situation
two boundary equilibria shows instead that one of the, non harvesting only on adult fish, the saddle-node
intermediate predators may disappear, under certaify eation occurs for values ap andr, that are larger if
tCompared with the parameter valwgsandr; at which it

occurs when only larvae are harvested. Thus the chance

Addi | i fishi fort in th h of extinction is higher for the latter case than in the
Ing also a linear fishing effort in the system, the 5 ner |y other words, selective harvesting affectingyonl
few analytical results indicate that the model retains th

X €the adult fishes has a lower environmental impact on the
e . ; Xvhole food chain compared to selective harvesting
quantitative differences, depending on the value of theye formed only on larvae. The chance of collapse of all
the populations is smaller, although the coexistence

| \d situai ken f giff | he %quilibrium may become unstable and limit cycles around
real world situation, taken from different literature. et may well arise for smaller value af;, see the Hopf

absence of hf?\rvestlng, numerical experiments eXh'b'bifurcation point HB2 in Figurd 1
total extinction if a large enough amount of eggs does not T h bust f th del f d
hatch to become larva, in agreement with the analytical 0 assess the robusiness of the model, we pertorme
result. The same result is observed for the model Withnum_erlcal S|mulat|oqs for the same .model in which the
high harvesting rates. In the presence of linear harvestin%’ionmg type Il functional response is used. The result

a good implication, since it negatively affects the fishing
industry.

affecting both the larvae and the fishes, the system ma btainEd for the orig_inal model holds true also for the
go toward extinction even for small values of the olling type Il functional response when the predator

harvesting rates obianchetti. With selective fishing saturation is kept below a certain value. For higher values

performed only on the larvae, there is a high chance oiof prgdator saturation, '.[he system never reaches periodic
total extinction. Harvesting only on larvae is however acoeX|stence, rather switches between stable coexistence

rather unrealistic situation, as fisheries operate2nd extinction.

continually and therefore the harvest on the adult fish ~ The fishing of the different species of both the blue

populations in reality never ceases. But such result shouldsh, in general, andianchetti, in particular, can thus
warn us of its possib|e undesirable consequences. affect the various links of the natural trOpth Chaln, with

We also considered the Holling type-ll form of consequences which could become remarkable or actually

harvesting, which is more realistic as the Ligurian sea isifreparable. In spite of its economic palatability, then it
rather small, so that for increasing fishing efforts andseems that fishing obianchetti should be avoided to
limited resources, d|m|n|sh|ng returns are expected_ preserve the |Ong term survival of the food chain resource.
Assuming to hunt all the populations in the web, the
same phenomenon occurring for the linear harvesting
arises in this case as well. Changes are here observed only
in the values of the fishing rates for which the systemAcknowledgement
behaves differently, i.e. there are quantitative but not
qualitative differences with the previous situations.
Therefore, since selective harvesting only on larvae,Research supported by: MIUR Bando per borse a favore di
independently of the specific harvesting policy, may causegiovani ricercatori indiani.

(@© 2016 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.10, No. 3, 861-874 (2016)www.naturalspublishing.com/Journals.asp NS = 873

References heterogeneity: a model study, Math. Model. Nat. Phenom.
3(3), 131-148 (2008).
[1] W. E. Allen, Behavior of loon and sardines, Ecolafy309— [20] D.H. Morse, Feeding behavior and predator avoidance in
310 (1920). heterospecific groups, BioScien2g 332—339 (1977).
[2] F. Bekkal-Brikci, K. Boushaba, Ovide Arino, Nonlinear [21]J.D. Murray, Mathematical Biology, Springer Verlaggin
age structured model with cannibalism, Discrete and (1989).

Continuous Dynamical SystemsB201-218 (2007). [22] M. Ono, T. Igarashi, M. Sasaki, Unusual thermal defence
[3] G. Bini, Atlante dei pesci delle coste italiane (Atlasfigh by a honeybee against mass attach by hornets, Na#fte
and Italian coastsf, Mondo Sommerso ed. (1968). 334-336 (1995).
[4] G. Bini, Atlante dei pesci delle coste italiane (Atlasfish [23] A. G. Payne, C. Smith, A. C. Campbell, A model of oxygen-
and Italian coasts®, Mondo Sommerso ed. (1970). mediated filial cannibalism in fishes, Ecological Modelling
[5] R. Cattaneo Vietti, L. Relini Orsi, M. Wurtz, La pesca 174, 253-266 (2004).
in Liguria (Fishing in Liguria). Centro Studi Unioncamere [24] S. V. Petrovskii, H. Malchow, A minimal model of pattern
Liguri (1985). formation in a prey-predator system, Math. Comp. Model.

[6]J. Chattopadhyay, S. Chatterjee, E. Venturino, Patchy 29, 49-63 (1999).
agglomeration as a transition from monospecies to recurren[25] S. L. Pimm, J. H. Lawton, Number of trophic levels in

plankton blooms, Journal of Theoretical Biology3, 289— ecological communities, Natug68, 329—-331 (1977).
295 (2008). [26] T. J. Pitcher, J. K. Parish, Functions of shoaling béhavin
[7]1S. Chakraborty, S. Chatterjee, E. Venturino, J. teleosts, in: Pitcher T.J. (Editor) Behaviour of teleodidis,

Chattopadhyay, Recurring plankton bloom dynamics Chapman and Hall, New York, 363-440 (1993).
modeled via toxin-producing phytoplankton, J. Biological [27] J.-C. Poggiale, M. Gauduchon, P. Auger, Enrichment

Physics33, 271-290 (2007). paradox induced by spatial heterogeneity in a
[8] C. Clark, Mathematical bioeconomics: the optimal phytoplankton-zooplankton system, Math. Model. Nat.

management of renewable resources, Wiley, New York Phenom3(3), 87-102 (2008).

(1976). [28] M. Romanelli, O. Giovanardi, A special fishery aimed at
[9] A.M. Edwards, J. Brindley, Zooplankton mortality andeth advanced larvae @&ardina pilchardus (Walbaum) along the

dynamical behavior of plankton population models. Bull. northwestern and central western coasts of Italy: a general

Math. Biol. 61, 202—339 (1999). report. Biologia Marina Mediterrané43), 158—172 (2000).

[10] Z. Erdogan, H. Torcu-Kog, S. Gicili, G. Ulunehir, Age, [29] A. Santojanni, N. Cingolani, F. Donato, S. Colella, A.
growth and mortality of European pilchardSardina Berlardinelli, G. Giannetti, 1. Leonori, G. Sinovcic, B.
pilchardus in Edremit Bay (northern Aegean Sea, Turkey), Marceta, Anchovy and sardine stock assessment in the GSA
Cybium34(2), 185-193 (2010). 17, 1975-2007, (2008), GFCM-SAC SubCommittee on

[11] R. Froese, D. Pauly (Editors), Sardina Stock Assessment (SCSA), Izmir, 22-26 September 2008.
pilchardus, in: FishBase (2006). [30] T.W. Schoener, Food webs from the small to the large,
(http://www.fishbase.org/summary/Sardina- Ecology70, 1559-1589 (1989).
pilchardus.html). [31] L. Seuront, Microscale Complexity in the Ocean:

[12] M. E. Gramitto, La gestione della pesca marittima iridta Turbulence, Intermittency and Plankton Life, Math.
(Marine fishing policies in Italy). Monografie scientifiche Model. Nat. Phenon8(3), 1-41 (2008).

CNR (2001). [32] G. T. Skalski, J. F. Gilliam, Functional responses with

[13] F. S. Hillier, G. J. Liebermann, Operations Researettadd predator interference: viable alternatives to the Holtyme
Edition, Holden-Day, (1974). I model. Ecology82(11), 3083-3092 (2001).

[14] Ismea, Compendio statistico del settore [33] 1. Siekmann, H. Malchow, Local collapses in the Truscot
ittico (Summary of fish sector) (2009): Brindley model, Math. Model. Nat. Phenoi®(4), 114-130
http://lwww.ismea.it/flex/cm/pages/ServeBLOB.php/L/IT (2008).

IDPagina/4849 [34]J. Truscott, J. Brindley, Ocean plankton populatiorss a

[15] M. Labelle, T. Hoch, B. Liorzou, J. L. Bigot, Indices of excitable media, Bulletin of Mathematical Biolo§g, 981—
bluefin tuna Thunnus thynnus thynnus) abundance derived 998 (1994).
from sale records of French purse seine catches in thg35] G. Turner, T. Pitcher, Attack abatement: a model forugro
Mediterranean sea, Aquat. Living Resouf, 329-342 protection by combined avoidance and dilution, American
(1997). Naturalist128, 228—240 (1986).

[16] H. Malchow, S. V. Petrovskii, E. Venturino. Spatioteonal [36] C. Webb, A complete classification of Darwinian extioot
Patterns in Ecology and Epidemiology — Theory, Models, in ecological interactions, The American Naturali€1,
and Simulation. Mathematical and Computational Biology 181-205 (2003).

Series. Chapman & Hall / CRC, Boca Raton (2008). [37] P. J. P. Whitehead, G.J. Nelson, T. Wongratana, FAOi8pec

[17] T. Matsuoka, H. Seno, Possibly Longest Food Chain: Catalogue. Vol. 7. Clupeoid fishes of the world (Suborder
Analysis of a Mathematical Model, Math. Model. Nat. Clupeoidei). An annotated and illustrated catalogue of the
Phenom3(4), 131-160 (2008). herrings, sardines, pilchards, sprats, shads, anchonigs a

[18] R. C. Miller, The significance of gregarious habit, Emgy wolf-herrings. FAO Fish. Synofd25(7/2), 305-579. Rome:

3, 122-126 (1922). FAO (1988).

[19] A. Morozov, E. Arashkevic, Patterns of zooplankton [38] A. Wikan, A. Eide, An analysis of a nonlinear stage-

functional response in communities with vertical structured cannibalism model with application to the
(@© 2016 NSP

Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

874 =y S S. Chatterjee et al.: Harvesting strategies for “bian¢hatid. ..

Northeast Arctic cod stock, Bull. Math. Bid6, 1685-1704 Ezio Venturino
(2004). % i ' received the PhD in Applied
Mathematics at SUNY Stony
Brook. Afterwards he spent
several years at the University

of lowa before returning
to Italy at the Polytechnic

of Torino. Professor of
Numerical  Analysis  at
the University of Torino since
fifteen years, he authored
more than forty research papers in numerical analysis and
more than one hundredtwenty in mathematical biology,
the field in which presently lie his main scientific
interests. He also serves in the editorial board of
several international Journals. Ha has acquired a large
international experience visiting many scientific
institutions in  numerous countries worldwide. He

Samrat Chatterjee
received the PhD degree
from the University of
Kolkata and spent two years
in a postdoctoral position
at the University of Torino.
He then joined ICGEB, New
Delhi as Research Scientist
(Project) and worked there for
three years. Currently he is an
Assistant Professor in THSTI, Faridabad, India. His
current research work involve cell biology, especiallyl cel
signalling. It involves theoretical approach using

mathematical models and systems biology to SOIVehas actively taken part in more than hundredthirty

b!olog!cal problems in collapora.tion with experimental international conferences, organizing and chairing speci
:)lolog;sftsl. Hg alsc_) WOLkS n tﬁeld bOf I((acology, b?th sessions. Recently he has been the main organizer of the
bei:;essatlr?d 2gre$iagpgiseaes;vrl;)a2ez Oﬁohisoghn[;'%ggg(ibternational MPDE14 conference that took place at the
published by VDM-Verlag (Germany). (ISBN-13: 978. Cnversity of Torino, August 25th-29th, 2014.
3639268256). He acts as reviewer of many journals and

currently joined F1000 as Associate Faculty.

Daniela Pessani
Associate Professor at the
University of Torino, is the
manager of the Zoology and
Marine Biology Laboratory
(LBMT), where six young
researchers work in the area
of marine biology. The topics
of her personal research
concern different aspects
of marine biology: life history
of species with planktonic developmental stages,
conservation of endangered (both freshwater and marine)
species, bioacoustics and welfare of penguins and
dolphins. She has coordinated many field researches
in the Mediterranean Sea and has taken part in a
post-tsunami campaign in Thailand. Many scientific
projects she presented have been financed by the
Ministry of Environment, private Fundations and public
organizations. She organized the international Congress
on Decapod Crustacea (Turin, September 2008) and took
part in many national and international congresses. She
published about one hundred and fifty papers and some
chapters of scientific books.

(@© 2016 NSP
Natural Sciences Publishing Cor.



	Introduction
	Biological background
	Model formulation
	The system with no harvesting
	The various harvesting policies
	A possibly endangered situation
	Discussion

