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Application of Leslie’s model on a population of common dolphins 
(Del’hinus delphis): Sensitivity study 

Spy-m Fifes (I*), Michel C:oujon @I, Loi’c Antoine (I) 

Abstract - The rapid development of the albacore tuna (i%unnu.s alalunga) driftnet fishery in the Bay of Biscay (Atlantic ocean, 
France) has incited European management authorities to ask for a study of its ecological impact on populations of common dolphins 
and striped dolphins. A programme with onboard observers has been led during 1992 and 1993, and a sighting survey has allowed 
the evaluation of the abundances of fractions of populations in the studied area. For the population of common dolphins, the biolog- 
ical parameter estimation has allowed the building of a discrete age-structured model based on a Leslie matrix. Sensitivity studies 
have been conducted using four model parameters (age of first reproduction, interval between births, juvenile and adult survival 
rates). Results show that the increase rate of the population presents the highest sensitivity versus adult survival rate and, in second 
place versus the interval between births. 0 Ifremer/Elsevier, Paris 
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RCsumC - Application du mod&le de Leslie sur une population de dauphins communs (Delphinus delphis) : ktude des sensi- 
bilitks. Le d6veloppement rapide de la pCche au thon germon (Thunnus alulungu) au filet maillant dCrivant dans le golfc de 
Gascogne a incitC les instances de gestion europCenne ?I demander une Ctude de son impact 6cologiyue sur les populations de 
dauphin commun et de dauphin bleu et blanc. Des observateurs embarquCs B bord ont men6 au tours des annbees 1992 et 1993 une 
campagne d’bchantillonnage sur un parcours IinCaire, ce qui a permis d’estimer l’abondance des fractions de populations prgsentes 
sur la zone Ctudi6e. Pour la population de dauphins communs, l’estimation des param&res biologiques a permis de construire un 
mod&fe ti pas discret structure en gge faisant appel h une matrice de Leslie. Des &udes de sensibilite’ ont e’te’ rCalise’es selon quatrc 
paramktres du modkle : %ge de premikre mise bas. intervalle entre mises bas, taux de survie des juvtniles. taux de survie de? adultes 
sur les deux sexes confondus. Les rCsultats montrent que le taux d’accroissement de la population prCsente la plus forte sensibilitb, 
en fonction du taux de survie des adultes avec, en deuxikme ordre, l’intervalle entre mises bas. 0 Ifremer/Elsevier, Paris 

Modkle IinCaire I dauphin commun / p&he au filet maillant dkrivant / taux de survie 

1. INTRODUCTION 

The development, since the second half of the 
l98Os, of the driftnet fishery targeting albacore tuna 
(7’hunnus alulunga) in the Bay of B&cay has caused 
European management authorities to undertake a 
scientific study to analyze the ecological effects of this 
fishing activity. The study focused on the populations 
of common dolphins, Delphinus delphis, and striped 
dolphins, Stenellu coerukodba. 

Besides common dolphins, others species, mostly 
marketable cases of high market-value, are mentioned 
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as bycatches or accidental catches by the French alba- 
core tuna driftnet fishery [ 1, 21. The most widespread 
species are the swordfish (Xiphias gladius), the blue 
shark (Priunace gluu~n), the angelfish (Brama brama) 
and the wreckfish (Polyprion americwuu). The media 
sensitivity focus on the common dolphin is due to its 
perception by man and demonstrates the deep histori- 
cal bonds that exist between the two. Generally, what- 
ever the fishing gear used, fishing activities targeting 
tuna induce additional mortalities of marine mammals 
[ 1 J. The European administration’s particular interest 
in driftnet fishing is due to its spectacular develop- 
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ment and to the social and political context but will not 
be analyzed by this study. 

A research programme was conducted in 1992 and 
1993, which allowed the estimation of the number, the 
frequency and the distribution of marine mammal acci- 
dentally caught [15]. A direct assessment of dolphin 
numbers in the fishing area was also initiated in 1993. 

Biological parameter estimations of the population 
of common dolphins have allowed us to build a model 
of age-structured population dynamics to determine 
the increase in population rate according to specific 
input parameters. We used discrete models suited to 
large mammal populations with delayed maturation, a 
long life span and where individual age can be esti- 
mated [3]. These types of models have been used on 
terrestrial populations 1131 and in marine species such 
as the Pribilof island fur seal [7], the British grey seal 
[17], the common dolphin [14, 16, 251 or the porpoise 
[26] and they can be used as a basis for management 
l&251. 

This study develops a simple age-structured mode1 
for common dolphin population dynamics and per- 
forms a sensitivity analysis of the increase rate of this 
population against four parameters: age of first repro- 
duction, interval between births, and juvenile and adult 
survival rates. 

2. MATERIALS AND METHODS 

2.1. Transition matrices 

Transition matrices models belong to the so-called 
discrete time models because they describe variations 
during non-infinitely small time intervals, named At. In 
general, these intervals are constant and are considered 
as time units (At =I). A discrete time model is shown 
as follows N,, = Y (N,) (‘I-’ = function). In a transition 
matrices model N,+\ = U.N, where U is a population 
matrix ‘and N,, N,+i are vectors. Accordingly, if we 
know the demographic structure at time t, then we will 
be able to know it at time t + 1. 

To calculate this demographic structure, it is neces- 
sary to concentrate only on the female fraction of the 
population, or on the product number of animals and of 
the sex ratio values fixed a priori by age group. The 
transition matrix allows us to pass from the vector 
giving the composition of the population at time t 
(state vector) to the vector giving the composition of 
the population at time t + 1. 

In its simplest form, this matrix is made up of two 
types of parameters. 

- (i) An expression of fecundity by age group (bi). 
Its value corresponds to the average number of females 
born at the end of a time unit, and the number of 
mothers in age group i at the end of the previous inter- 
val. 

- (ii) A survival probability during the time interval 
S,) . . . . Si’ . . . . s, perhaps depending on corresponding 
age 1, .., i, . . . . IZ. 

The transition matrix (Leslie matrix; [20]) is pre- 
sented as follows: 

b , . . . be, bn 
h = S] . . . 0 0 

1. ! 

. . . . . 
0 . . .s,-, 0 

(1) 

The discrete time model is based on the multiplication 
of this matrix by the state vector at time t. Regarding 
long-term trends, we proceed by recurrence stepping 
back as far as the state vector of the population at 
time 0: 

N(t) = A” . N (0) (2) 

It is possible to demonstrate that the long-term evo- 
lution of the population is dependent on the greatest 
eigen value of the A matrix. If this value, represented 
by h, is positive, the population develops exponen- 
tially; if it is negative, the population is subject to fluc- 
tuations If X > I, the population increases; if 0 < h < I, 
the population decreases and tends to 0. 

If we wish to know the long-term trends of the pop- 
ulation, we must solve in h the following equation, 
called the Lotka equation [22], obtained by diagonal 
transformation of the matrix A (equation (1)): 

(3) 

i.e. 

(4) 

2.2. Lotka equation of common dolphin 

The Leslie matrix and the Lotka equation have 
already been used on dolphin populations 1257. In the 
case of common dolphins in the Bay of Biscay, a linear 
model of population dymamics has already been pre- 
sented [ 161. The following biological parameters are 
necessary in the model: (i) reproductive parameters: 
sex ratio (SR), age of first reproduction (AFR), interval 
between births (IB); and (ii) survival parameters: life 
span (fmax), adult survival rate (AS), juvenife survival 
rate (JS). 

2.3. Input biological parameters 

2.3.1. Reproductive parameters 

-Sex ratio (SR). The parameter necessary for the 
Lotka equation is the sex ratio at birth. If we assume 
that vulnerability of population does not depend on 
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Table I. Asymptotic trend of the dolphin population (expressed by the 
first eigen value, h, of the Lotka equation) against four model parame- 
ters: AFR (age of first reproduction), IB (interval between births), AS 
(adult survival rate) and JS (juvenile survival rate). 

AFR 
(years) 

TB 
(years) 

AS JS h 

7 

7 

I 

7 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
Y 
9 

11 
II 
II 
II 
1 I 
II 
I I 
II 
II 
II 
II 
II 

2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 

0.85 0.60 0.928 
0.85 0.70 0.93X 
0.90 0.60 0.97’) 
0.90 0.80 0.998 
0.95 0.60 1.029 
0.95 0.90 1 .os9 
0.85 0.60 0.903 
0.85 0.70 0.912 
0.90 0.60 0.953 
0.90 0.80 0.97 1 
0.95 0.60 I.002 
0.95 0.90 I .02Y 
0.85 0.60 0.916 
0.85 0.70 0.925 
0.90 0.60 0.967 
0.90 0.80 0.984 
0.95 0.60 I.018 
0.95 0.90 I.043 
0.85 0.60 0.895 
0.85 0.70 0.903 
0.90 0.60 0.944 
0.90 0.80 0.960 
0.95 0.60 0.994 
0.95 0.90 1.018 
0.85 0.60 0.907 
0.85 0.70 0.915 
fJ.YO 0.60 0.957 
0.90 0.80 0.973 
0.95 0.60 1.008 
0.95 0.90 1.030 
0.85 0.60 0.888 
0.85 0.70 0.895 
0.90 0.60 0.937 
0.90 0.80 0.95 I 
0.95 0.60 0.986 
0.95 0.90 1 .00X 

sex, this parameter is expressed as the proportion of 
females to the total number of adult individuals for the 
whole life cycle. In the case of marine mammals, sex 
ratio estimation by direct assessment is often biased 
because of space-time variability of sexual segregation 
[24] unless done on a large sample of fetuses. Despite 
instability of this parameter, results obtained by direct 
assessment [ 141 do not invalidate the hypothesis of an 
equivalent presence of two sexes in the target popula- 
tion. The value for SR is fixed at 0.5 [ 141. 

- Age of first reproduction (AFR). Beyond this age, 
a positive fecundity value, for simplification, is consid- 
ered as a constant. This parameter varies between 7 
and 1 1 years according to the literature [ 14 J. 

-Interval between births (IB). It is involved in 
fecundity calculation for ages above or equal to AFR. 
The average number of females born, during a time 
interval of a year which represents fecundity, is a prod- 
uct of the sex ratio and the adult survival rate divided 
raised by Reilly and Barlow [25]. This parameter var- 
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Figure 1. Asymptotic trend of the dolphin population versus adult 
(AS) and juvenile (JS) survival rates. The parameters AFR (age of first 
reproduction) and IB (interval between births) are expressed in years. 
(A): AFR = 7, IB = 2; (B): AFR = 7, IB = 3: (C) AFR = 9. IB = 2: (D) 
AFR=9,1B=3:(E)AFR=II.IB=2:(F)AFR=II.lB=3. 

developped [14], this parameter varies between 2 and 
3 years. 

2.3.2. Survival parameters 

-Life span (tmax). According to direct assessment 
results of cetacean populations in the Bay of B&cay, 
the oldest caught common dolphin was 26-year-old 
[ 141. For simulations in this study, life span has been 
fixed at 30 years. 

- Adult survival rate (AS). Adult phase includes all 
cohorts older than 2 years. It is assumed that age struc- 
ture of experimental catches obtained by direct assess- 
ment corresponds to that of target population [ 141. By 
taking into account the accidental type of catches 
occurring with driftnet fishery and by assuming that 
the natural mortality in adult life is constant, it is con- 
sidered that the adult survival rate is constant. By 
applying the model of Siler (see [14]), the fitted adult 
survival rate is comprised between 0.92 and 0.97. For 
calculations in this study, its value varies between 0.85 
and 0.95. 

-Juvenile survival rate (JS). It is applied to juveniles 
of age group 1. Its value is always lower than the adult 
survival rate and is limited upwards by the adult sur- 
vival rate squared in accordance with the hypothesis 
ies between 0.6 and (0.X5)‘, . . . . (0.95)2. 
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Table II. Sensitivities of the A parameter according to four parameters of the model. h = 0.95; AS = adult survival rate; JS = juvenile survival rate; 
AFR = age of first reproduction; IB = interval between births. 

- h = 0.95; AFR = 7 years; AS = 0.85 
variation in X against % variation of parameters 

AAS (%) Ah AIB (%) Ah AAFR (%) Ah AJS (a) AA 

I 0.016 -50 0.114 5 0.000 -10 -0.013 

2 0.032 -25 0.040 10 0.000 -5 -0.006 

3 0.048 -10 0.013 20 -0.014 -2 -0.002 
5 0.082 10 -0.0 1 I 30 -0.029 2 0.002 

IO 0.173 25 -0.025 40 -0.029 5 0.006 

15 0.275 SO -0.044 50 -0.043 IO 0.0 12 

- k = 0.95: AFR = 7 years; AS = 0.95 
variation in h against % variation of parameters 

AAS (%) Ah AIB (%) A?L AAFR (%) Ai AJS (%) Al 

-20 4).247 -50 0.062 5 0.000 -10 -0.00x 

-15 4.188 -25 0.023 10 0.000 -5 -0.004 
-10 il.128 -10 0.008 20 -0.003 -2 -0.002 

-5 -0.065 IO -0.007 30 -0.007 2 0.002 
-2 a.026 25 4.016 40 -0.007 5 0.004 
-I a.013 50 -0.029 50 -0.011 10 0.007 

- k = 0.95; AFR = I1 years; AS = 0.85 
variation in h against % variation of parameters 

AAS (%) Al, AIB (%) Ah AAFR (%) Ah AJS (%) Ah 

I 0.022 -50 0.122 -50 0.118 -10 -0.014 

2 0.045 -25 0.043 40 0.094 -5 -0.007 

3 0.069 -10 0.015 -30 0.073 -2 -0.003 
5 0.120 10 -0.012 -20 0.053 2 0.003 

IO 0.274 2s -0.028 -10 0.035 5 0.007 

15 0.481 50 -0.048 -5 0.017 10 0.013 

- h = 0.95; AFR = 1 I years; AS = 0.95 
variation in A. against % variation of parameters 

MS (4°F) Ahh AIB (%) Ah A4FR (%) Ah AJS (S) Ah 

-20 -0.300 -50 0.074 -50 0.019 -10 ~.009 

-15 -0.232 -25 0.028 -40 0.017 -5 -0.005 
-10 a.161 -10 0.010 -30 0.014 -2 -0.002 

-5 -0.084 10 -0.008 -20 0.011 2 0.002 

-2 -0.035 25 -0.019 -10 0.008 5 0.004 
-1 -0.017 50 -0.034 -5 0.004 10 0.009 

Use of the terms ‘juvenile survival’ and ‘adult sur- 
vival’ does not correspond rigorously to the biological 
reality. In fact, the adult phase equals the period 
beyond the first age of sexual maturity (corresponding 
to the minimum limit of the parameter ‘age of first 
reproduction’, AFR) while, in this study, the adult sur- 
vival rate refers to age beyond 2 years. Common dol- 
phins since the age of 2, even if they are not yet 
reproductive, reach their asymptotic length and, conse- 
quently, their behavior tends to become similar to that 
of the adult animals [14]. For simplification, it is 
accepted that the survival rate tends to be stable start- 
ing from the age of 2 and, hence, will be called ‘adult 
survival rate’. 

2.4. The flnal model 

By replacing fecundity of formula (4) by SR.AS/IB 
[25], SR by 0.5 and t,,, by 30 years, equation (4) is 
modified to: 

which is equivalent to: 

JS ASAFR-r - 
2. IB Sara 

(AS/h)3”-AFR+‘- 1 = 1 (6) 
AS/h - 1 1 

Aquat. Living Resour. I I (6) (1998) 
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Table III. Sensitivities of the h parameter according to four parameters of the model. h = 1; AS: adult survival rate; JS: juvenile survival rate: AFR: 
age of first reproduction; IB: interval between births. 

- i = 1; AFR = 7 years; AS = 0.85 
variation in h against % variation of parameters 

MS (8) Ah AIB (%) Ah AAFR (o/c) Ah AJS (%) Ah 

1 0.018 -50 0.156 5 0.000 -10 -0.016 
2 0.037 -25 0.053 IO 0.000 -5 .-O.O08 
3 0.056 -10 0.018 20 -0.025 -2 -0.003 
5 0.096 10 -0.015 30 -0.049 2 0.003 

10 0.206 2.5 -0.033 40 -0.049 5 0.008 
15 0.33 1 50 a.056 50 -0.070 10 0.016 

- h = I : AFR = 7 years; AS = 0.95 
variation in h against % variation of parameters 

MS (%) Ah AIB (o/o) Ailh AAFR (%) Ah AJS (4,) Ah 

--20 -0.270 -SO 0.085 5 0.000 -10 -0.0 IO 
-15 -0.207 -25 0.03 I IO 0.000 -5 -0.005 
--10 xl.141 -10 0.01 I 20 a.007 -2 -0.002 

-5 -0.073 10 -0.009 30 -0.015 2 0.002 
-2 -0.030 25 -0.02 I 40 4.015 5 0.005 
-I -0.015 50 -0.036 50 -0.023 IO 0.0 IO 

- h = I; AFR = 1 I years; AS = 0.85 
variation in h against % variation of parameters 

MS (a, Ah AIB (%) Ah AAFR (8) Ah AJS (%) Ai 

I 0.026 -50 0.161 -50 0.264 -10 -0.017 
2 0.053 -25 0.055 -40 0.202 -5 --0.009 
3 0.082 -10 0.019 -30 0.149 -2 --0.003 
5 0.145 10 4.016 -20 0.103 2 0.003 

10 0.339 25 -0.035 -10 0.064 5 0.008 
15 0.609 50 -0.060 -5 0.030 10 0.017 

- h = I: AFR = I1 years; AS = 0.95 
variation in h against % variation of parameters 

AAS (%) Ah AIB (%) A?\h. AAFR (8) AA AJS (%) Ah 

-20 -0.327 -50 0.097 -50 0.048 -10 -0.0 12 
--I 5 -0.256 -25 0.035 -40 0.040 -5 -0.006 
--IO -0.179 -10 0.012 -30 0.033 -2 --0.002 

-5 -0.095 IO -0.0 I 1 -20 0.025 2 0.002 
-2 -0.039 25 -0.024 -10 0.017 5 0.006 
-1 -0.020 50 -0.042 -5 0.009 10 0.01 I 

2.5. Sensitivity study 

Let ‘4’ be a function containing the O,, 02, . . . . 0, 
parameters. A response, YO, is associated to this func- 
tion: Y(O,, O,, . . . . O,} = YO. Let Oi be a parameter 
which is subject to a variation according to AL\oi and let 
Y’O + A0 be the new response to the Y function. 

By using a sensitivity study, it is possible to estimate 
the modification of the YO response into Y’O + A0 
against the variation in Oi parameter, according to A@ 
Absolute or relative sensitivities exist; in the latter 
case, the modification of the YO response into Y’O + 
A@ is expressed in percentage with respect to the vari- 
ation of Oi into Oi + A@, which is equally expressed in 
percentage (100 . A@@,). 
Aquat. Liwng Resour. I I (6) (1998) 

A sensitivity study is carried out in two different 
ways depending on whether the models are linear or 
non-linear, 

In the case of linear models, it is possible to obtain 
an exact analytical solution of the YO response in 
terms of modification into Y’O -I- A0 against the vari- 
ation in the Oi parameter, according to A@,.; the incre- 
ment Aoi is not necessarily infinitely small. In the case 
of non-hnear models, analytical investigation of errors 
is impossible and approximative methods must be 
used, e.g. delta methods based on the approximate 
nature of a function in an infinite Taylor series [5,6,9, 
10, 11, 18, 191; those approximations are valid only if 
the variation increment is too small comparatively to 
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Table IV. Sensitivities of the h parameter according to four parameters of the model. h = 1.05; AS: adult survival rate: JS: juvenile survival rate; AFR: 
a8e of first reproduction; IB: interval between births. 

- k = 1.05; AFR = 7 years: AS = 0.85 
variation in i against Y0 variation of parameters 

AAS (8) Ah AIB (%) Ak AAFR (%) A?& AJS (%I) Ah 

I 0.021 -50 0.202 5 0.000 -10 -0.02 I 
2 0.043 -2s 0.068 IO 0.000 -5 -0.010 
3 0.065 -10 0.023 20 -0.040 -2 -0.004 

lo” 0.112 0.241 2s I 0 -0.042 -0.0 I9 40 30 --0.074 -0.074 2 5 0.004 0.0 I I) 
1.5 0.393 50 -0.070 SO -0.105 IO 0.02 1 

- h = I .05; AFR = 7 years: AS = 0.95 
variation in h against % variation of parameters 

AAS (o/r) AI. AIB (%) Ah AAFR (%) A?L AJS (%) ARh 

-20 -0.296 -50 0.1 I8 5 0.000 -10 -0.013 
-15 -0.228 -2s 0.041 IO 0.000 -5 -0.007 
- 10 -0.151 - I 0 0.014 20 -0.014 -2 -0.003 

-5 -0.082 I 0 4.0 12 30 -0.028 2 0.003 
-2 -0.033 2.5 -0.027 40 4.028 5 0.006 
-I -0.017 so -0.046 SO -0.042 IO 0.0 I3 

- h = I .05; AFR = 1 I years; AS = 0.85 
variation in h against % variation of parameters 

MS (c/c) Ah AIB (%) 

1 0.030 -50 
2 0.063 -2s 
3 0.097 -IO 
5 0.172 I 0 

10 0.41 1 2s 
15 0.749 50 

Ah 

0.206 
0.138 
0.023 

-0.019 
-0.043 
-0.073 

- 

- h = I .OS; AFR = I I years; AS = 0.95 
variation in h against % variation of parameters 

AAFR (c/c) Ah AJS (o/o) A.h 

-50 0.521 -10 -0.02 I 
40 0.384 -5 -0.01 1 
-30 0.273 -2 -0.004 
-20 0.183 2 0.004 

-10 0.109 5 0.01 1 
-5 0.050 10 0.021 

AAS (%) Ah AIB (%) ASh AAFR (%j Ah AJS (%) Ah 

-20 -0.358 -50 0.128 -50 0.110 -10 4.0 I 5 
-IS -0.282 -25 0.045 40 0.089 -5 -0.007 
-IO -0.200 -10 0.0 16 -30 0.069 -2 -0.003 
-5 -0.107 I 0 -0.013 -20 0.05 1 2 0.003 
-2 -0.045 25 -0.030 -10 0.033 5 0.007 
-1 -0.023 50 -0.05 1 -5 0.017 10 0.014 

the value of the parameter 0;. In the present study, only 
the first case has been used. 

2.6. The dolphin model and the sensitivity study 

The linear model used for the dolphin does not 
require any partial derivatives. The calculations are 
general and are not specific to just one particular point. 
The variation increment of a parameter is not always 
very small. 

It is a question of calculating the effect on the 
increase rate of the population, or the effect on the first 
eigen value (h), of a change in each of the four model 
parameters (AFR, IB, AS, JS), while the other model 

parameters (SR, t,,,) are constant. At first, the correla- 
tions between these parameters are not taken into 
account. Thus, crossed sensitivities (or co-sensitivities) 
are not analyzed. 

Let Oi be one of the parameters of the model and Y 
the function described by the Lotka equations (3) to 
(5). If the variation increment of this AO, parameter is 
used as input, then the modification in the response of 
the first eigen value, a, expressed by Ah, can be calcu- 
lated: 

Aquat. Living Resour. I I (6) (1998) 
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Figure 2. Sensitivities of h against four para- 
meters of the model. h = 1; AFR = 7 years. Ini- 
tial values of JS and IB: (i) for AS = 0.85, 
JS =0.723, IB = 0.890; (ii) for AS = 0.90, 
JS = 0.810, IB = 1.981; (iii) for AS = 0.95, 
JS = 0.903, IB = 4.697. 

-I e---+-k AS=0.*5 

2.6.1. Age of first reproduction sensitivity 2.6.2. Interval between birth sensitivity 

If we input a variation in this parameter according to If we proceed as previously by expressing AIB/IB as 
AAFR, we find Ah in the following way: CC, we obtain: 

JS -. 
2 . IB 

; AS’-‘= 

i = AFR hi 

JS 
30 

I: 
AS’-’ -. 

2. IB 
i = AFR +BAFR@ + W’ 

(8) 

After simplification, by expressing AAFR/AFR as a, 
we obtain: 

;As’I= 30 

c 

AS” (9) 
;=AFR h’ ,=~m(,+&+Ak)’ 

NB: AFR . (I + a) is rounded off. 

This equation shows that the sensitivities are depen- 
dent solely on combinations of the initial values of the 
AS and AFR parameters; initial values of the IB and JS 
parameters have no influence on the results. 
Aquat. Living Resour. I I (6) (1998) 
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2.6.3. Adult survival rate sensitivity 

Expressing AASIAS as a, we obtain: 

;AS”= w AS’-l. (1 +a)‘-’ 
c 

i=AFR h’ I = AFR (A + Ah)’ 

2.6.4. Juvenile survival rate sensitivity 

If AJS/JS = a, we write: 

5 AS’-’ 30 i-l 

= (l+c(). c AS 
i=AFR h’ ;=AFR(~+A~)’ 
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3. RESULTS 

The dolphin population of the Bay of Biscay pre- 
sents an asymptotic trend close to stability (3L = I). 
However, in many cases of our simulations (26 of 
36 combinations of values of the four parameters of 
the model; table I), the population is characterized by a 
weakly decreasing trend, mainly when the AFR (age of 
first reproduction) and IB (interval between births) 
parameters increase and the AS (adult survival rate) 
and JS (juvenile survival rate) parameters decrease 
(figure I). 

As mentioned above, AFR and AS are the only 
parameters with initial values that can influence the 
increase in population rate (h) in terms of sensitivities. 
Thus, the results are presented according to AS and 
AFR combinations (tables II-ZK figures 2-4). The 
sensitivities are estimated from variations in the 
parameters (expressed in percentage). 

The results show that, in terms of sensitivities, it is 
the adult survival parameter (AS) which exerts the 
greatest effect on the increase in population rate 
expressed by the parameter h. Next is the time-interval 

09 ^ 

% “llrlll(lOrl JS 

Figure 3. Sensitivities of h against 
four parameters of the model. h = 1; 
AFR = 9 years. Initial values of JS and 
IB: (i) for AS = 0.85, JS =0.723, 
IB = 0.638; (ii) for AS = 0.90, 
JS = 0.8 10. IB = 1.572: (iii) for 
AS = 0.95, JS = 0.903, IB = 4.050. 

between births (IB) which defines the multiplying ele- 
ments of fecundity between AFR and the animal’s life 
span (fixed here at 30 years). 

However, the AFR and especially the JS parameters 
have only a slight effect. In fact, the former defines the 
number of non-zero elements in the Lotka equation. As 
the animal’s life span is high, there are few modifica- 
tions in the number of polynomials as regards eigen 
values if the AFR increases by a few years. The JS 
parameter is only involved as a multiplying element; 
its influence is limited to the number of survivors 
which move up to age group 2. 

In summary, the order of the parameter sensitivities 
was: AS > IB > AFR > IS. 

3.1. Adult survival rate (AS) 

We found that the higher the AFR, the greater the 
effect on h. If the AFR is hypothesized as being 
7 years, an increase of 10 % in the survival rate ini- 
tially fixed at 0.85 triggers an increase of 18 % of the 
population for h = 0.95 (Ah = 0.173), 21 % for h = 1 
(Ah = 0.206) or 23 % for h = 1.05 (Ah = 0.241). When 
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Figure 4. Sensitivities of h against 
four parameters of the model. h = 1; 
AFR = I I years. Initial values of JS 
and IB: (i) for AS = 0.85. JS = 0.723, 
IB = 0.456; (ii) for AS = 0.90, 
JS = 0.810, IB = 1.240; (iii) for 
AS = 0.95, JS = 0.903, IB = 3.466. (C) 

- 

UN 
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the AFR is set at 11 years and there is an increase of 
10 % in AS (initially equal to 0X5), the population 
grows by 29 % (h = 0.951, 34 % (h = 1) or 39 % 
(h = 1.05). 

3.2. Interval between births (IB) 

It was found that the lower the AS, the greater the 
effect of a modification of the IB parameter on h. 
However, the effect of this parameter on 3t is hardly 
dependent on AFR. An increase from 2 to 3 years in 
IB induces a fall in h equal to 4.6 % for h = 0.95 
(Ah = -0.044), 5.6 % for h = 1 (Ah = -0.056) or 6.7 % 
for h = 1.05 (Ah = -0.070) for two of the AFR and AS 
parameters, namely 7 years and 0.85, respectively. If 
AS is 0.95, h decreases by 3.1 % (for h = 0.95), 3.6 % 
(for h = 1) or 4.4 % (for h = 1.05) when IB increases 
from 2 to 3 years. We note that a decrease in IB has a 
greater effect on L than that produced by a symmetrical 
increase. 
Aquat. Liwng Resour. 1 I (6) (1998) 

3.3. Age of first reproduction (AFR) 

We found that the higher the AS level, the lesser the 
effect produced by a modification in the AFR. If AS is 
0.85, an increase of 20 % in AFR initially fixed to 
7 years triggers a decrease of 1.5 % in 3L for L = 0.95 
(Ah = -0.014), 2.5 % for h = 1 (Ah = -0.025) or 3.8 % 
for 3L = 1.05 (A.h = -0.040). At 0.95, the same scenario 
leads to a decrease of 0.3, 0.7 or 1.3 %, respectively. 
Conversely, a AFR fall from 20 % for an initial value 
of 11 years produces a h increase of 5.6 % (for 
iA= 0.95), 10.3 % (for 3L = 1) or 17.4 % (for h = 1.05) 
when AS is equal to 0.85 and 1.2 % (for 3L = 0.95), 
2.5 % (for h = 1) or 4.9 % (for h = 1.05) when AS is 
fixed at 0.95. Unlike the IB parameter, no significant 
dissymmetrical trends were shown in the AFR sensi- 
tivity study. 

3.4. Juvenile survival (JS) 

When the adult survival rate (AS) increases, the 
effect of JS on h diminishes. Modifications in JS levels 
induce only slight variations in 3L (about f 1 to + 2 %). 
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4. DISCUSSION Rare cases of stock collapses have been observed in 
marine life history. 

The developed mode of marine mammal reproduc- 
tion encourages the consideration that the most proba- 
ble regulations would be compensatory in nature. 
According to this assumption, the discrete model of 
this study, without taking into account the correlations 
between survival and fecundity parameters, overesti- 
mates the effects induced by a reduction in the survival 
rate on the increase in the dolphin population rate. 
However, the very broad distribution of several marine 
populations like marine mammals does not allow for 
the consideration that hypercompensation is more 
probable than depensation [2 I 1. 

4.1. Study context and model simplifications 

The parameter values do not correspond exactly to a 
biological reality. Taking into account the constant val- 
ues, notably in the case of expected fecundity (includ- 
ing the interval between births, IB) and the adult 
survival rate (AS), it represents the most simplified 
example. Expected fecundity reaches a maximum 
value at age 13- 17 years and decreases beyond this age 
[14]. The survival rate is stabilized starting with age 
group 2 at a ceiling of 0.95 and decreases gradually 
beyond 25 years of age. 

4.2. Constancy of parameters and compensatory 
process 

Compensatory processes, a partial compensation of 
the diminution of the spawning biomass via recruit- 
ment rate, increase when the spawning biomass 
decreases [4]. On the other hand, in the case of several 
stocks, an abundance rarefaction can induce the inverse 
phenomenon: diminution of the spawning biomass 
leads to a diminution in the recruitment rate according 
to a depensatory process [ 121. In the case of the dis- 
crete model applied to the common dolphin, this kind 
of process has been neglected. It has been assumed that 
the fecundity rate included in the transition matrix and 
depending on two parameters (age of first reproduc- 
tion, AFR, and interval between births, IB) is not 
affected by a modification of the survival rate. Lier- 
mann and Hilbom [21] analyzed depensation and 
hypercompensation processes in four taxonomic 
groups and deduced that the most likely values fell 
close to or within the range of no depensation. Myers 
et al. [23] have studied the self-regulation mechanisms 
of many marine populations and they have concluded 
that there exists very few cases characterized by a 
depensatory phenomenon. Furthermore, even in these 
rare cases, it is not obvious that observed trends corre- 
spond to real cases of acceleration of stock decline 
because of interannual resource variability induced by 
the chaotic relationship between stock and recruitment. 

5. CONCLUSION 

Studies conducted on the common dolphin popula- 
tion of the Bay of Biscay have estimated that the addi- 
tional mortality induced by drifnet fishery is equal to 
0.8 % per year [14]. The same author calculates the 
total mortality rate by using the Siler model: its value 
is comprised between 3 and 8 % per year. By maintain- 
ing driftnet fishing effort at the level of recent years, 
the component due to fishing mortality is less than that 
associated to natural causes. Consequently, risk for the 
common dolphin population is not significantly likely. 
Nevertheless, the sensitivity analyses of the linear 
model have shown the dominance of parameters linked 
to survival rather than fecundity in terms of effects on 
increase in the population rate. Despite the simplifica- 
tions done in this study relating to the constancy of sur- 
vival parameters all along an animal’s life and to the 
absence of correlations between survival and fecun- 
dity parameters, the main conclusion would be that 
driftnet fishing effort developed since the latter half of 
the 1980s was sustainable for the common dolphin 
population. However, many combinations of input 
parameters of the model give a weakly decreasing 
trend in dolphin populations and, it is not possible to 
consider that marine mammals are characterized by 
compensatory or depensatory phenomena which can or 
not improve a population status. 
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