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A numeric model for the life history o f  the mesopelagic planktivore M aurolicus muelleri is tested for 
sensitivity to different param eter values. The m odel is based on stochastic dynamic programming 
with decision variables for habitat choice (depth) and energy allocation (between somatic or repro
ductive growth). The m odel includes sub-models to represent the foraging, m ortality and growth 
processes. The parameters that induce large changes in m ost variables are those related to foraging 
and visual predation risk. By inducing changes in the strategic habitat choices, they have a large 
impact on other processes like growth, survival and reproduction. The other parameters tested gener
ally have local impact (e.g. on weight or survival), with less impact on other variables o f  the model. 
Seasonality in prey abundance and larval survival both have to be present for the model to predict the 
seasonal strategies observed for AT. muelleri in Norwegian fjords. Size dependent factors in the prey 
encounter, predation and growth processes m ay explain the observed differences am ongst different 
sized groups o f  the fish. The strategies predicted for different seasons and size groups o f  fish, how 
ever, are very dependent on the ratio between food abundance and visual predation risk. Size de
pendent processes in general seem im portant to understand the selective forces that shape the ob
served life history patterns o f the fish.
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IN T R O D U C T IO N

This paper presents a sensitivity analysis on a model 
for the life history of a mesopelagic planktivorous fish. 
The dynamics of a population of mesopelagic fish is 
simulated from a model ( R o s l a n d  &  G isk e  1997) based 
on Stochastic Dynamic Programming (M angel  &  C l a rk  
1986,1988; H o u s t o n  et al. 1988) with a detailed repre
sentation of the biological processes. A basic assump
tion underlying the model is that individuals are able to 
adapt to the environment, and that they live to maxim
ise their fitness (here: net reproductive rate) under the 
given conditions.

Changing parameters and variables of the model may 
give insight into how the environmental variables influ
ence the individual and the population, and how the 
fish may optimally respond to different environmental 
conditions. The analysis also gives an indication of how 
sensitive the model is to changes in different param
eters.

The model simulates a population of the mesopelagic 
planktivore Maurolicus muelleri living in a fjord of 
western Norway. Vertical distribution, growth, feeding, 
mortality and reproduction of M. muelleri have been

studied by several authors (L o pez  1979; G jo sæ ter  1981; 
C larke  1982; Y oung  &  B laber  1986; Y oung  et al. 1987; 
W e iss  et al. 1988; G isk e  et al. 1990; G isk e  &  A k sn es  
1992; M e lo  &  A r m str o n g  1991; P r o sc h  1991; I k eda  
1994; R a s m u ss e n  &  G isk e  1994; G o o d s o n  et al. 1995; 
B je l l a n d  1995; S a l v a n e s  &  S t o c k l e y  1996) and 
therefore, the life history and ontogeny are relatively 
well documented for this species.

The diel vertical distribution of AT. muelleri was also 
modelled for a winter situation by R o s l a n d  &  G isk e  
(1994) with a stochastic dynamic programming model 
with a relatively fine time resolution (15 minute time 
intervals). The time horizon of the model covered only 
a diel cycle, and therefore it was not possible to link 
fitness directly to lifetime reproduction and survival.

By modelling the whole life cycle of the fish, it is 
possible to calculate the optimal strategies (habitat 
choice and energy allocation) based on lifetime survival 
and reproduction. Such a model therefore includes the 
basic life history variables (survival and reproduction), 
as well as state dynamics and time dependent variability 
accounted for by stochastic dynamic programming.
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TH E M O D EL

The central processes of the model are listed in Table 1 
and a declaration of the parameters and variables are 
given in Table 2. Complementary details of the proc
esses in tile model are given by R o sla n d  &  G isk e  ( 1994) 
and R o s l a n d  &  G isk e  (1997), where the last paper

presents a basic run of the present model. More de
tailed descriptions of the models for growth and visual 
prey encounter are also given in H e w et t  &  J o h n so n  
(1992) and A k sn e s  &  G isk e  (1993), respectively.

The fish can choose between a set of habitats (z) at 
different depth positions and light intensities. Due to

Table 1. The basic equations o f the model (parameter and variables are declared in Table 2). Note that the visual range (r_) 
represent A1. muelleri in Eq. 1 and its predators in Eq. 6. The indexes x  and i indicates the new value o f the variable under 
feeding level x  or energy allocation strategy i.

N um ber Process (unit) Equation

(1 ) Prey encounter rate (g d"1) P, -  p(r_ sin q)~ WV. w K(

(2 ) M aximum  food consum ption rate (g d '1) C .-C U ù f u(u_ )Jy7 k , ,G )

(3 ) Food consum ption rate (J d"1)

(4 )  Probability that fish w ill be consuming 

food at level x at depth z
X , G )  = t X ) eXP\Jt X

j x \  a s { 0 , X }

(5 )  Growth rate (J d '1)

(6 )  Survival probability  over a  tim e interval

g ,  = c T( l - f r / - i t f [ l - t / ] ) -Ä ( to )  

5_ = expj-T^iyr.2 +/c„(0"<12,)|

(7 )  W eight o f  a  ripe batch o f  oocytes (g)
0 for 8 < D

1 ~ } 0.05a) for S = D

(8 )  N um ber o f  oocytes in a  batch b=?*-

(9 )  State change in to tal energy content (J) 

over a  tim e interval (J)
Zx = £ + T g x -  whq(>

(1 0 )  State change in fish weight (g) 

over a  tim e interval (t)

(i) if Zx < q f  CO

œ =\ £,
l qf

if Zx > qf  tö

(1 1 )  State dynamics for the age

o f  the  developing oocytes (t)
if 5 = 0 and i = 0 or 5 = D

6 + T if 8 = 0 and i = 1 or 0 < 6 < D

(1 2 ) The fitness o f  the fish at tim e t 
at states to, £ and 8 F(a),e,8,/,r) = maxjSj ¿3 .,(-ï)(T(<nt ,e t ,5,,t + 1,7') + bL:)J
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vertical gradients in prey density and water tempera
ture these variables have unequal values in the different 
habitats. W ithin each habitat, however, the light 
intensity is constant during daytime.

Prey encounter rate ( p  ) is a visual process and is 
represented as a function of the visual range ( r  ), visual 
field angle (0), swimming speed (v) of the fish and prey 
density (N ) in the habitat (Eq. 1 in Table 1). The equa
tion is multiplied by prey weight (w ) and daylength 
( k )  to express prey encounter rate in weight units per 
day. The visual range ( r )  is a function of light intensity, 
water turbidity, prey size, prey contrast and the visual 
sensitivity threshold of the predator’s eye ( A k s n e s  &  
G is k e  1 9 9 3 ).

The growth rate of the fish depends on prey encoun
ter rate and physiological factors such as food consump
tion rate and food processing rate. The maximum food 
consumption capacity (C ) is defined as a function of 
fish weight (cd) and water temperature ( f  ( u J )  and feed
ing ration ( f f K , o )) (Eq. 2 in Table 1). Feeding ration is 
calculated as the number of stomachs evacuated (i.e. 
potential for food consumption) during a period of day 
light (k¡) given a stomach evacuation rate (o), relative to a 
situation with 24 hours of daylight (i. e . f f K t,a )  p  k/ o ). 
Stomach evacuation is calculated by an exponential model 
(JOBLING 1 9 8 1 ).

Food consumption rate ( c  ) is a fraction of maximum 
food consumption rate (C ) (Eq. 3 Table 1), with a

Table 2. Description o f  the variables used in Table 1 (UD refers to unpublished data).

Name Description (unit) Value Based on data from

a consum ption param eter (g d"1) 0 .16 Ikeda (1996), H ew ett & Johnson (1992)

ß consum ption exponent 0.75 Schmidt-Nielsen (1983), Hewett & Johnson (1992)

k, daylength as a fraction o f  24 hours 0-1 Skartveit and O lseth (1988)

e visual field angle (degrees) 30 Aksnes & Giske (1993)

a stom ach evacuation rate (d"1) 2 .7 Rasmussen and Giske (1994)

T duration o f  tim e interval (d) 5 -
CO structural fish weight (g wet weight) 0 .0 1 -4 .0 0 -
D oocyte ripening tim e ( t ) 3 -

f f  KO) daylength effects on consum ption 0-1 -

f f uJ tem peratu re effects on consum ption 0-1 H ew ett & Johnson (1992)

i energy allocation rule 0 or 1 -
ke excretion  coeffic ien t 0 .10 R udstam  (1989)

kf egestion  coeffic ient 0 .16 R udstam  (1989)

kn non-visual m ortality  coeffic ient (d"1) 2 .6 - IO'3 -

ky visual m ortality  coefficient (d"1) 0 .22 Rosland & Giske (1994)

larval survival - Lopez (1979), Schultz (1993)

N Z
prey density (ind. m"3) 10-680 Giske et al. (1991), UD

qf energy density o f  fish (J/g) 8685 A nonym ous (1977)

<lo energy density o f  oocytes (J/g) 4700 Ikeda (1996)

^p energy density o f  prey (J/g) 2500 Vijverberg & Frank (1976)

R (m ) respiration  rate (J/d) - Ikeda (1996), H ew ett & Johnson (1992)

r visual range (m) - Aksnes & Giske (1993)

T to tal num ber o f  tim e intervals 292 -
t index fo r tim e interval 1-T -
u w ater tem perature 4 .8 2 -1 2 .6 8 UD

V swimming speed (m/d) 1 fish length s"1 Eggers (1977)

w oocyte mass (g wet weight) 1 .4 -IO'4 M elo & A rm strong (1991)

wp prey wet mass (g wet weight) 1 .4 -IO'4 UD

X m axim um  feeding intensity 10 -

X level o f  feeding intensity 0-J -

z depth index 1-30 -
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Poisson distributed probability (A_) with expectation 
equal to prey encounter rate divided by maximum food 
consumption capacity (p /C J  (Eq. 4 in Table 1). Food 
consumption rate (c in Eq. 3) is multiplied by energy 
density of the prey (q ) in order to express food con
sumption rate in energy units per day.

The net growth rate (g ) (Eq. 5 in Table 1 ) depends on 
the food consumption rate (cJ, fraction egested (kf), 
fraction excreted (k )  and on the size and temperature 
dependent respiration rate (R_(co)).

Survival probability (S_) depends on visual predation 
rate and non-visual mortality rate (Eq. 6 in Table 1 ). 
Visual predation rate is a function of the predators visual 
range ( r j ,  and it is only functional during the period of 
daylight ( k ) .  Non-visual mortality rate is a size de
pendent function (McGurk 1986).

The weight of a batch of oocytes (wb) is calculated as 
a constant fraction of the structural fish weight ( co) ( see 
lower line in Eq. 7 in Table 1 ). Elowever, batch spawn
ing cannot take place before the oocytes are ripe, and 
unless developmental age ( 5) is equal to the ripening age 
for tile oocytes, batch weight is set equal to zero (see 
upper line in Eq. 7 in Table 1). Batch fecundity (b ) is 
calculated by dividing batch weight (wb) with individual 
oocyte weight ( w j  (Eq. 8 in Table 1 ). Batch fecundity 
is size dependent due to the weight dependent batch 
weight (Eq. 7 in Table 1 ).

The dynamic state variables represent structural fish 
weight ( co), total energy content of the body (e) and the 
age of a batch of developing oocytes (<5). The state dy
namics of the variable tracking total body energy (e) 
depend on the growth rate (g ) and the amount of en
ergy lost in reproduction (Eq. 9 in Table 1 ). Energy lost 
in reproduction is calculated by multiplying batch weight 
(w6) with the energy density of oocytes (q j.

The state dynamics of the structural fish weight (co) 
depend on total body energy (e) (Eq. 10 in Table 1). 
Structural fish weight (co) may be considered as fish 
length expressed in weight units. Fish length is con
verted to fish weight by a weight-length regression es
tablished by R a s m u ss e n  & G isk e  (1994). It is assumed 
that there is a standard value for energy density (q) 
characterising a fish in a good energetic condition. 
Multiplying structural weight (co) with energy density 
(qf) gives a standard value of total energy content corre
sponding to each structural weight (co). Structural fish 
weight can only increase if the new value of total energy 
content (e in Eq. 9 in Table 1) exceeds the standard 
value for total body energy corresponding to the 
structural fish weight. If total energy content decreases 
below the standard value for total energy the fish is 
assumed to respire fat, i.e. structural weight remains 
unchanged (Eq. 10 in Table 1). If  total energy content (e) 
is less than the standard total energy content, the fish

has to resume the standard level of total energy before 
structural weight growth can continue (Eq. 10 in Table 
1).

The state variable tracking the age of an oocyte batch 
( 8) depends on several factors (Eq. 11 in Table 1 ). The 
initiation o f a batch is controlled by the fish (index ;'), 
but once production of a batch is initiated the process 
is irreversible and the fish cannot terminate the proc
ess, i. e. it continues until the batch is ripe (8 = D) and 
spawned.

The fitness function is formulated as the net repro
ductive rate. The fitness (F(co,e,8,t,T)) of a fish at a 
given state ( co,e,8) at a given time (t) is the simi of oocytes 
spawned added the future expected state dependent fit
ness of the mother (F(cox, e <5, t,T)). The value of oocytes 
are not equal throughout the year, but vary seasonally 
according to a variable (L() representing survival prob
ability of larvae.

It is seen from the equations that prey encounter rate 
(p_), food consumption capacity (C_), visual mortality 
( kr / )  are functions of the habitat (z). Non-visual mor
tality (kco025) is a habitat independent function, but 
may be controlled through weight growth.

THE SEN SITIV ITY  ANALYSIS

According to J o r g e n s e n  (1988), the sensitivity to 
changes in a parameter value can be measured as the 
relative change in model output ( J7) divided by the rela
tive change in parameter value (p). The equation of 
J o r g e n s e n  ( 1988) is modified here in order to get equal 
measures of sensitivity for all values of input param
eters and model output variables.

The variables V and V, in Eq. A represent the model 
output variables for two runs with parameter settings 
Pj andp„  respectively. In Eq. A, V always represents 
the run with smallest output value (V  < V,), and p  
always represents the smallest of the parameter values 
(Pj o rp,)  corresponding to the model output variables 
' I '  andl'.,:

( V , - V A / {  Pj F.p A
{ V, ) / I p* I
where px = m m (p,,p2)

Ux = 0 if the model output is insensitive to changes in 
the parameter value (V2 = V,). The sign of Ux indicates 
positive or negative correlation between parameter val
ues and model output, and the absolute value of Ux



Rosland -  Optimal responses: evaluation o f  a model fo r  a planktivore 117

shows the strength of the sensitivity. When -1 < U < 1, 
then other processes dampen the effects from changes 
in the parameter value.

The physiological parameters tested for sensitivity 
(Tables 3; 4) are food consumption parameter ( a  in 
Table 2), stomach evacuation rate ( a  in Table 2), devel
opmental time of the oocytes (D  in Table 2) and energy 
density of the oocytes (q in Table 2). The environmen
tal variables tested for sensitivity (Tables 3; 4) are prey 
density (A in Table 2), individual prey weight (w in 
Table 2), water temperature (« in Table 2), non-visual 
mortality risk (k in Table 2) and visual predation risk 
(k in Table 2). For the sensitivity runs, changes in prey 
density and temperature involve changes in the overall 
values only, while the seasonal profiles (relative differ
ence in the seasonal values) of the variables are un
changed.

The seasonality profiles in larval survival, prey den
sity and temperature (three lower rows in Table 3) were 
also changed, but the sensitivity index (U )  for these

runs was not measured, as they did not involve changes 
in single parameter values.

Measuring sensitivity to parameter changes is done 
by focusing on some essential model output variables: 
net reproductive rate, cumulative individual fish weight 
(over life), survival and habitat choice (light intensity in 
selected habitat) during the first, second and third year. 
The model results ( V ) for the different parameter values 
are given as fractions of the basic run (Vb) in Table 3 (i. 
e. V /V  ), while the sensitivity (U  from Eq. A) is given 
in Table 4.

RESULTS

Physiological processes
Changes in the parameters for oocyte developmental 
time (D), energy density of oocytes ( q j  and stomach 
evacuation rate (a), all have relatively moderate effects 
on the model output (Table 3). The sensitivity indexes 
are also less than one (Table 4) for all variables tested,

Table 3. The results from the different runs ( V f  given as fraction o f  the basic values ( V f  The three lower rows 
involve no changes in single parameter values, and therefore no value is given in column two.

Variable Changed
with

factor

N e t Cumulative 
reproductive fish  

rate weight

Annual survival 
during the three years

Annual light intensity in the 
habitat during the three years

1st 2nd 3rd 1st 2nd 3rd

Development 0.33 2.260 0.687 1.030 0.892 0.887 1.000 1.320 1.490
time of oocyte 2.00 0.550 1.190 1.010 0.985 1.040 0.996 0.935 0.849

Energy density 0.50 1.090 1.170 1.000 0.995 1.030 0.998 0.925 0.874
of oocytes 2.00 0.862 0.799 1.010 0.957 0.936 1.000 1.150 1.280

Stomach 0.50 1.090 1.060 0.961 0.992 0.982 1.000 0.936 0.997
evacuation 2.00 0.697 0.761 1.090 0.974 1.050 0.994 1.250 1.120

Consumption 0.67 0.157 0.111 0.972 0.783 0.820 0.938 2.500 2.900
capacity 1.50 2.950 2.440 1.040 1.050 1.060 0.716 0.462 0.555

Prey 0.25 0.138 0.237 0.327 0.195 0.144 2.180 4.410 6.910
density 0.50 0.372 0.471 0.561 0.541 0.472 1.590 1.820 2.570

2.00 2.280 1.650 1.700 1.570 1.780 0.586 0.619 0.483
4.00 4.460 1.990 2.490 2.350 2.960 0.301 0.354 0.218

Individual 0.50 0.373 0.470 0.561 0.542 0.471 1.590 1.830 2.590
prey weight 2.00 2.280 1.650 1.700 1.570 1.780 0.586 0.621 0.482

Non-visual 0.25 5.290 0.832 6.110 2.890 2.490 0.808 1.050 1.020
mortality 0.50 2.840 0.939 3.090 1.950 1.840 0.915 1.000 0.971

2.00 0.173 0.948 0.129 0.280 0.289 1.050 1.070 1.220
4.00 0.012 0.932 0.002 0.025 0.016 1.160 1.130 1.630

Visual 0.25 4.490 1.980 2.480 2.460 2.980 1.340 1.470 0.923
mortality 0.50 2.290 1.660 1.710 1.590 1.810 1.200 1.280 0.983

2.00 0.375 0.466 0.558 0.528 0.455 0.773 0.969 1.380
4.00 0.133 0.224 0.324 0.185 0.130 0.537 1.140 1.780

Water 0.67 0.221 0.157 1.090 0.958 0.955 0.842 1.900 2.430
temperature 1.50 1.430 1.690 0.828 0.648 0.628 1.070 0.982 0.919

Seasonal larval survival 3.170 0.927 1.030 0.796 0.743 1.010 1.310 1.350
Seasonal prey distribution 1.780 1.490 1.250 0.742 0.640 0.525 0.898 1.010
Seasonal temperature 1.450 1.560 0.918 0.821 0.911 1.020 0.850 0.756
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i.e. the changes in model output are less than the changes 
in parameter values. Fish weight and net reproductive 
rate are the most sensitive variables, while survival and 
habitat choice are less affected by changes in these pa
rameters (Tables 3; 4).

Food consumption capacity (a ) is the exception in 
having a strong influence on model results (Table 3). 
The sensitivity indexes (Table 4) indicate a strong ef
fect even for small changes in this parameter, and larg
est effects for reductions of the parameter (Table 4). 
The strong effects from changes in this parameter rely 
on its strong influence on fish weight (Fig. IB), which 
in turn affects size dependent factors like feeding rate, 
mortality risk, fecundity and habitat choice (Table 3). 
High food consumption capacity (i. e. high growth 
potential) enables the fish to restrict feeding to fa
vourable seasons (Fig. 1 A) with high food abundance 
(spring and summer). It is profitable to avoid feeding 
in the winter because of the low food abundance which 
makes growth costly in terms of visual predation risk.

The reduced winter mortality is partly countered by 
increased visual predation risk in the summer (Fig.
IC), due to higher feeding potential and feeding rates 
at this tim e (Fig. 1A). Total annual survival is, 
therefore, at about the same level as in the basic run 
(Table 3). The large increase in fish weight and 
fecundity, however, increases the net reproductive rate 
(Table 3) and the value of future reproductions (Fig.
ID) compared to the basic run.

Reduced food consumption capacity reduces the 
growth potential and the flexibility for seasonal feed
ing. The fish has to keep feeding rates higher in the 
winter (Fig. 1A) to avoid starvation and to support 
energy for oocyte production during the following year. 
Seasonal patterns in mortality are less clear (Fig. 1C). 
Peaks in mortality are evident in the winter, partly be
cause reduced prey abundance makes feeding more 
costly, and partly because the fish stays in more illumi
nated waters to increase feeding rate (Table 3). Annual 
survival is less than in the basic run (Table 3), and com-

Table 4. The sensitivity index (U  in Eq. 1) for the different runs involving changes in single parameters. The sensitivity index 
measures the relative difference in model output relative to the relative difference in parameter value.

Variable Changed
with

factor

N et
reproductive

rate

Cumulative
fish

weight

Annual survival 
during the three years

Annual light intensity in the 
habitat during the three years

1st 2nd 3rd 1st 2nd 3rd

Development 0.33 -0.619 0.224 -0.012 0.060 0.062 0.000 -0.158 -0.241
time o f oocyte 2.00 -0.819 0.189 0.008 -0.015 0.045 -0.004 -0.070 -0.177

Energy density 0.50 -0.094 -0.168 -0.001 0.005 -0.034 0.002 0.081 0.145
o f oocytes 2.00 -0.160 -0.251 0.014 -0.045 -0.069 0.000 0.149 0.284

Stomach 0.50 -0.086 -0.059 0.040 0.008 0.019 -0.002 0.068 0.003
evacuation 2.00 -0.434 -0.314 0.092 -0.027 0.046 -0.006 0.247 0.118

Consumption 0.67 10.900 16.200 0.058 0.561 0.445 0.135 -3.050 -3.860
capacity 1.50 3.910 2.890 0.077 0.098 0.117 -0.795 -2.330 -1.600

Prey 0.25 2.090 1.070 0.687 1.370 1.990 -0.393 -1.140 -1.970
density 0.50 1.680 1.120 0.782 0.850 1.120 -0.590 -0.817 -1.570

2.00 1.280 0.649 0.703 0.569 0.776 -0.706 -0.615 -1.070
4.00 1.150 0.329 0.498 0.451 0.655 -0.774 -0.609 -1.200

Individual 0.50 1.680 1.130 0.784 0.845 1.120 -0.589 -0.825 -1.590
prey weight 2.00 1.280 0.655 0.703 0.565 0.780 -0.706 -0.610 -1.080

Non-visual 0.25 -1.430 0.067 -1.700 -0.629 -0.497 0.079 -0.015 -0.006
mortality 0.50 -1.840 0.064 -2.090 -0.955 -0.836 0.093 0.000 0.030

2.00 -4.780 -0.055 -6.740 -2.570 -2.460 0.053 0.067 0.215
4.00 -26.700 -0.024 -154.000 ■13.000 -20.000 0.052 0.042 0.210

Visual 0.25 -1.160 -0.328 -0.494 -0.485 -0.661 -0.113 -0.157 0.028
mortality 0.50 -1.290 -0.663 -0.713 -0.592 -0.806 -0.195 -0.282 0.017

2.00 -1.670 -1.150 -0.792 -0.894 -1.200 -0.294 -0.032 0.381
4.00 -2.180 -1.150 -0.696 -1.470 -2.240 -0.287 0.045 0.259

Water 0.67 7.140 10.900 -0.184 0.089 0.095 0.380 -1.820 -2.900
temperature 1.50 0.860 1.380 -0.415 -1.090 -1.190 0.147 -0.037 -0.176
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Figure 1. Average seasonal values in: A: feeding rate as percentage o f maximum potential food consumption
rate (100*c /C in Table 1) B: fish weight (g), C: mortality rate ( d 1) and D: current reproductive value, for basic
run and for variations in the food consumption capacity (changed with the factor given in the figure legend)
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bined with strong reductions in fish weight (Fig. IB; 
Table 3) and fecundity, this results in strong reductions 
in the net reproductive rate (Table 3) and the value of 
future reproductions (Fig. ID).

Environmental parameters

Metabolic processes are temperature regulated (F Iew ett  
&  J o h n so n  1992), and changes in water temperature (uz) 
clearly affect fish weight (Table 3). The sensitivity in
dexes for water temperature also have a relatively high 
value (Table 4 )  and the overall effects are comparable to 
those of consumption capacity (Table 3). Since tempera
ture induced changes in consumption capacity are partly 
countered by changes in respiration, temperature does 
not have the same strong impact as changes in food con
sumption capacity alone (Tables 3; 4 ).

Prey density (iV), individual prey weight (w ) and 
visual predation risk ( k j  all change the relationship be
tween visual predation risk and feeding rate (pt/f ratio; 
cf. W e r n e r  &  G il l ia m  1 9 8 4 ) . The model responds in a 
similar manner to all these parameters, although with 
different magnitude (Tables 3; 4 ) .  The runs with differ
ent prey densities are used to illustrate the effects of 
these parameters (Fig. 2).

The seasonal patterns in feeding rate generally resem
ble those in the basic run, although some differences 
exist (Fig. 2A). A t low prey density the fish reduces 
feeding during the first winter, because mortality risk 
when feeding (jx/f) is too high to allow high growth rates. 
Feeding intensity is generally less in all seasons at low 
prey density compared to the basic run (Fig. 2A), due 
to high jx/f ratios, and fish weight clearly shows large 
variations with prey density (Fig. 2B; Table 3). Because 
of relatively higher ¡x/f ratios at low prey density, the 
mortality risk also increases (Fig. 2C; Table 3), although 
feeding intensity is generally less than in the basic run. 
High prey density has the opposite effects (Fig. 2C; 
Table 3).

Reproductive patterns are also dependent on prey 
density. At high prey density the fish allocate more 
energy to somatic growth during the first year by 
shortening the breeding season (Fig. 2D), which 
combined with higher feeding intensity increases fish 
weight markedly (Fig. 2B; Table 3). At low prey density, 
the fish extends the reproductive season during the first 
and second year (Fig. 2D), and therefore allocates more 
energy to reproduction than to somatic growth (Fig. 2 
B) compared to the basic run.

The predicted changes in feeding rate and energy allo
cation depend on several factors. First, increased prey 
density reduces the mortality risk when feeding (i.e. 
low ¡x/f ratio), making growth less costly. Large size 
also increases fecundity and enables the fish to produce

more oocytes in periods with high larval survival 
(normally distributed over the season, R o sla n d  &  G isk e  
1997). Producing oocytes with low prospects of sur
vival is a poor energy investment, and the fish therefore 
restricts oocyte production to periods with a relatively 
high larval survival under conditions with high food abun
dance (Fig. 2D).

Reduced prey density increases mortality risk when 
feeding (i.e. high ¡x/f ratio). Survival and the expected 
fitness gain from future reproduction is therefore re
duced (Fig. 2D), and allocating energy to future repro
ductions is a wasted investment of energy. The fish, 
therefore, lay more oocytes in the current season by 
expanding the breeding season, making less energy 
available for somatic growth. Combined with reduced 
feeding intensity this reduces the fish weight (Fig. 2B) 
compared to the basic run.

Non-visual mortality risk (k )  is habitat (light) inde
pendent and contrary to visual predation risk, can not 
be regulated through choice of habitat. The optimal choice 
of habitat actually varies little with changes in non
visual mortality risk (Table 3), while survival and net 
reproductive rate shows large changes (Table 3) and a 
strong sensitivity (Table 4) to changes in this param
eter. The winter check in feeding becomes slightly 
shorter, and feeding intensity in the summer slightly 
lower at increased non-visual mortality risk (Fig. 3A). 
The changes in fish weight are small (Fig. 3B; Table 3), 
and are a result of different energy allocation (Fig. 3D) 
and changes in the feeding intensity (Fig. 3A). Similar to 
the changes in prey density, the allocation of energy to 
somatic or reproductive tissue (Fig. 3D) changes as a 
result of different prospects of future survival and 
reproduction.

Larval survival (Lt) is assumed to be normally distrib
uted over the season in the basic run, with a maximum 
around mid June (S chultz 1993; R osla nd  &  G iske  1997), 
and oocytes laid far from the optimal hatching date, 
therefore, have low prospects of survival. It is, how
ever, evident from Figs IB, D; 2B, D; 3B, D that under 
conditions with low expectations from future repro
ductions (i. e. low growth potential or high mortality 
risk) the fish starts reproducing even in the first autumn 
at very small sizes. It is, however, unlikely that M. 
muelleri is able to reproduce at this age and size.

Seasonal patterns
Applying a seasonally homogenous larval survival re
sults in continuous reproduction (Fig. 4D). Since the 
value of oocytes has increased, it is profitable to invest 
energy into current reproduction rather than to somatic 
weight, and the fish begin breeding in the first autumn.
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Continuous reproduction requires more energy, and 
is paid for by reduced somatic growth (Fig. 4B; Table 
3). The feeding rate is increased (Fig. 4A) by staying in 
habitats with a higher light intensity (Table 3), but this 
also increases the predation risk from visual predators 
during the second and third winter (Fig. 4C). Increased 
larval survival and continuous reproduction, however, 
results in increased net reproductive rate (Table 3).

A homogenous prey distribution reduces the seasonal 
patterns in feeding and mortality (Figs 4A, C; Table 3). 
The fish feed throughout the winter at all ages, while 
feeding intensity in the summer is lower compared to 
the basic run (Fig. 4A). Because of reduced prey abun
dance in summer, compared to the basic run, the fish 
compensate by staying in more illuminated water (Ta
ble 3). This helps in maintaining a high feeding rate (Fig. 
4A), but increases the mortality risk during the summer 
(Fig. 4C). During a short period in the initial phase of 
the reproductive season both feeding and mortality rates 
drop (Figs 4A, C). As long as the energy reserves can 
support both oocyte production and metabolic demands, 
this is a way of maximising the chances of reproduction. 
Eventually the fish has to resume feeding again to avoid 
starvation  and to provide energy for continued 
reproduction, and enters habitats with higher light 
intensity and better feeding opportunities (Fig. 4A) later 
in the summer. The fish allocate energy to oocytes dur
ing the summer, and switches to somatic growth in the 
end of the season as in the basic run. Total fish weight 
(Fig. 4B; Table 3) and net reproductive rate increase at a 
homogenous distribution (Table 3), while survival is 
reduced during the second and third year.

A homogenous temperature distribution has little ef
fect on the seasonal patterns in feeding (Fig. 4A), mor
tality (Fig. 4C), reproduction (Fig. 4D), survival and 
habitat choice (Table 3). Fish weight (Fig. 4B; Table 3) 
and fecundity increase at constant temperature causing 
net reproductive rate (Table 3) and current reproduc
tive values (Fig. 4D) to increase.

DISCUSSION 

Population effects
Net reproductive rate represents life time reproductive 
success of the fish under different conditions. Within 
the range of values tested here, the model indicates a 
strong dependence between the net reproductive rate 
and variables, such as non-visual (k j  and visual ( k j  
mortality risk and prey density (A ) (Table 3), that are 
related to the processes of mortality and prey encoun
ter.

Advective processes are important for the transpor
tation of Zooplankton into fjords, and may contribute

significantly more to the standing Zooplankton stock 
than local production (A k s n e s  et al. 1 9 8 9 ) . Based on 
results from a dynamic production model and field data, 
S a lv a n e s  et al. ( 1 9 9 5 )  concluded that the distribution of 
mesopelagic fish was largely dependent upon the distri
bution and abundance of Zooplankton.

The model presented here predicts a strong impact 
from prey density (A) on the net reproductive rate, and 
strategic changes in habitat choice and energy allocation 
has limited effects in countering the negative effects 
from reduced prey abundance. This supports the idea 
that Zooplankton biomass is an important factor for the 
distribution and abundance o f m esopelagic fish. 
Zooplankton biomass also shows large inter-annual vari
ations (G isk e  et al. 1 9 9 1 ) ,  which may also potentially 
influence the year to year production of the fish.

The model predictions may indicate that the life his
tory selected for in the basic run ( R o s l a n d  &  G isk e  
1 9 9 7 )  is optimal (sustainable) only at a high food input 
rate (i.e. in an advective regime).

Temperature (uz) also has a noticeable effect on the 
net reproductive rate (Table 3 ) ,  with a relatively high 
sensitivity index (Table 4). Inter-annual variations in 
water temperature, however, do not show the same vari
ations as e.g. prey abundance, and are therefore prob
ably not as im portant as a regulating factor on 
populations. Temporary physiological adaptations or 
acclimatisation (S chm idt-N ielsen  1 9 8 3 ) may also dampen 
the effects from shifting temperatures over the seasons. 
The model is unable to account for acclimatisation, since 
the temperature dependent functions are run with 
constant parameter settings. The model may, therefore, 
overestimate the effects from temperature fluctuations 
in the environment (M cK e e  &  E b e r t  1 9 9 6 ).

The larval stage is an important part of the life cycle 
of the fish, especially when considering the recruitment 
of pre-juveniles to the population. The larval period 
was, however, omitted from the model, because this 
stage is not well studied and the sub-models for proc
esses would probably have to be modified for the model 
to be applicable to larvae.

Strategies in different environments
Through the choice of depth (habitat) the fish can bal
ance growth (fecundity) and survival in a way that max
imises net reproductive rate. The optimal strategy when 
the ratio between visual predation risk and feeding (p./f) 
is high, is to trade growth (weight and fecundity) for 
survival (Table 3 ) ,  and to allocate more energy to repro
duction early in life (Fig. 2D).

The current model for visual mortality implies that 
predation risk increases with fish size, i.e. larger prey 
objects are more likely to be detected ( E g g e r s  1 9 7 7 ;
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A k s n e s  &  G is k e  1 9 9 3 ) .  Visual capability is also as
sumed to increase with fish size ( B r e c k  &  G itt er  1 9 8 3 ;  
A k sn e s  &  G isk e  1 9 9 3 ). Small fish therefore experience 
less visual mortality risk than larger fish at the same 
light intensity, but small fish also have to stay in more 
illuminated water to achieve the same prey encounter 
rate as a larger fish. Thus, considering visual processes 
only, the positive effects from reduced visual mortality 
risk at small size is countered by reduced visual 
capability. Large fish, however, still need more energy 
than sm all fish, and therefore, have to expose 
themselves more to visual predation in order to sustain 
metabolic requirements.

The model predicts reduced adult fish weight when 
the ratio between mortality and growth (q/g) increases, 
and this relies on several factors. Because growth is 
more costly in terms of visual predation, the trade-off 
between growth and survival trends towards survival. 
Since the increased visual predation risk reduces the 
future prospects of survival and reproduction, the re
productive efforts are invested into current rather than 
into future reproductions (i.e. somatic growth). Also, 
because large size implies a higher visual predation risk, 
there is a disadvantage in being large and therefore, a 
selection towards smaller fish. An alternative strategy 
could be to grow out of the predator regime, although 
this option is not included in this model, and would 
probably require sizes that are far out of range for M. 
muelleri.

Longevity also seems to vary between different loca
tions ( G jo sæ t e r  19 8 1  ; I k e d a  1 9 9 4 ) ,  and may be a result 
of different prey-predator regimes. Depending on how 
the mortality affects the different age/size groups of the 
fish, the optimal timing of reproduction and allocation 
of energy may differ. Future survival and thus longevity 
may be influenced by the energy allocation patterns 
chosen by the fish, i.e. by altering the energy investment 
among future (somatic allocation) and current repro
duction ( W il l ia m s  1 9 6 6 ) . The model predicts different 
energy allocation between current reproduction and so
matic growth under changing ratios of prey abundance 
and visual mortality risk (Fig. 2D; Table 3).

Differences in somatic condition and reproductive 
energy allocation was also observed between fish from 
fjords (Herdlelj orden and Masfjorden, western Norway) 
with different predator abundance (B je l la n d  1 9 9 5 ). The 
population with the highest density of predators allo
cated more energy to reproduction early in life.

Seasonality
Considering the relatively large seasonal fluctuations in 
prey biomass, light conditions and surface tempera
tures in Norwegian fjords, it seems reasonable to as

sume that the life history of M. muelleri is adapted to 
these seasonal patterns in the environment.

The predicted responses when the seasonality in prey 
biomass and larval survival was excluded from the model 
support this view, but it seems that both factors have to 
be present in order to maintain the seasonal patterns in 
feeding and reproduction.

Homogeneous larval survival increases the value of 
oocytes, and makes oocyte production a profitable en
ergy investment during all seasons. The seasonality in 
feeding is still present, although the fish feeds sporadi
cally during the winter to support energy for oocyte 
production. Continuous reproduction was observed in 
the Benguela ecosystem off Southern Africa by P ro sc h  
(1991) although there was a seasonal distribution in 
reproductive intensity (i.e. observed abundance of eggs).

Making prey biomass homogeneous throughout the 
season diminishes the differences between summer and 
winter abundance of prey. Due to higher prey abun
dance in the winter, feeding becomes less costly in terms 
of predation risk. It is therefore profitable to keep feed
ing rates high enough to ensure positive growth during 
the winter. The drop in feeding and mortality at the 
start of the reproductive season is a method of maxim
ising survival to reproduction. The response may also 
be triggered by the lacking spring bloom in prey biomass 
(homogenous), which makes feeding more costly com
pared with the basic run. The fish therefore respire and 
reproduce on energy reserves until these are depleted 
and the fish are forced to start feeding to avoid starva
tion.

A seasonal distribution in temperature seems to have 
little influence on the patterns of feeding and reproduc
tion. It does, however, increase fish weight as a result of 
temperature dependent metabolic changes. The low re
sponse to changed temperature profiles may seem 
strange, considering the strong effects from changes in 
the overall temperature (Tables 3; 4 ) .  The reason is that 
the seasonal changes in temperature occur primarily in 
the upper (3 0 - 5 0  m) water masses, and remain rela
tively stable below. Therefore, on average the tempera
ture from the surface to about 3 0 0  m depth in Norwe
gian fjords does not change much over the season.

Physiology
Except for food consumption capacity (a), the physi
ological parameters tested seem to have little influence 
on the predicted strategies (Table 3). They do, how
ever, have effect on fish weight and net reproductive 
rate, and if accurate predictions of biomass production 
and population abundance are important, one should be 
aware of these parameters and obtain better estimates 
of them.



Rosland -  Optimal responses: evaluation o f  a model fo r  a planktivore 125

100

75 -

O 50-

4-1

3 -

2 -

li_

0. 030 -

0.020-

< 0.010

ÜJ
>
I—o
13
o
§  y

& 3 
*  >

u
cl
QL
Z)
o

10' ‘

10“

10“

I 0

k .  CHANGED 
BY FACTOR

 0.25
- - -  0.50 

2.00
 4.00
—  Basic

 0.25
■ -  0.50 
- -  2.00
 4.00
—  Basic

 0.25
— - 0.50 
- -  2.00 
—  4.00 
— -  Basic

D 0.25
* 0.50
O 2.00
A 4.00
+ Basic

Figure 4. Average seasonal values in: A: feeding rate as percentage o f maximum potential food consumption rate (100* c /C in
Table 1) B: fish weight (g), C: mortality rate ( d 1) and D: current reproductive value, for basic run and for changes in the
seasonal profiles o f larval survival, prey biomass and water temperature with figure legends L, P and T, respectively.



126 Sarsia 82 : 113-128 -  1997

The food consumption parameter (a) is somehow 
unique amongst the physiological parameters because it 
affects both the internal energy budget o f the fish 
(growth potential) and the ability to utilise different 
habitats (consumption potential). A different growth 
potential opens for different growth and developmental 
patterns, and potentially allows for a different life 
history strategy to take place (i.e. seasonal growth, re
productive timing and weight at maturity). Food con
sumption capacity also affects the ability to utilise dif
ferent habitats, for example increased consumption ca
pacity enables the fish to enter habitats with higher 
prey encounter rate. A lte rna tions o f the food 
consumption capacity therefore have the potential to 
change life history strategy of the fish through new 
patterns of development and habitat preferences. The 
ecological interpretation of this may be that relatively 
small changes in physiology or morphology can be 
sufficient to change a life history.

Life history -  size dependent variations
In previous works focus has been on the differences 
between juvenile and adult habitat profitability ( G isk e  
et al. 1990; G isk e  &  A k sn e s  1992; R o s l a n d  &  G isk e  
1994; G o o d s o n  et al. 1995), and the need to shorten 
generation time as motivational factor in the juvenile 
strategy ( A k sn e s  &  G isk e  1990; G isk e  & A k sn e s  1992; 
R o s l a n d  &  G isk e  1994).

The present model includes no threshold weight for 
maturity to force juvenile growth. Therefore there are 
no juvenile fish in the model, only different size groups 
of fish. However, the differences in strategies between 
small and large fish persist. Size dependent processes in 
prey encounter and mortality may, therefore, be suffi
cient to explain the observed differences in depth pref
erence between small and large fish.

The size dependent processes in prey encounter, 
growth and visual predation risk will cause large fish to 
experience relatively higher visual predation risk when 
feeding than small fish. Because large fish need more 
energy to satisfy metabolic requirements they have to 
expose themselves to relatively higher light intensity, 
and thus higher visual predation risk. The weight spe
cific respiration also decreases with fish weight, and 
large fish therefore potentially have better ability to 
withstand periods with a low energy intake than small 
fish. The combined effects from size dependent respi
ration, predation and feeding make it profitable for large 
fish to minimise predation risk in winter rather than 
maximising growth and fecundity. For small fish, how
ever, the reproductive gains from increased weight and 
fecundity will be higher than the predation costs fol

lowing this strategy, and high growth in winter is the 
best strategy. Due to a relatively higher respiration rate, 
small fish also face a higher risk of starvation by re
duced food intake during the winter. The ‘high winter 
growth’ strategy is clearly dependent on the ratio be
tween visual predation risk and feeding rate (q/f), and 
even small fish cease feeding in winter at high q /f ratios 
(e.g. low prey density in Fig. 2).

This result is not in conflict with the assumption that 
juveniles benefit from growth when this may shorten 
generation time (A k sn es  &  G isk e  1990; G isk e  &  A k snes  
1992; R o s l a n d  &  G isk e  1994). It only shows that other 
mechanisms may be participating in shaping the ob
served life history patterns of M. muelleri.

The maturity threshold was omitted here because the 
literature indicates that the weight at maturity is a plas
tic trait for M  muelleri (G jo sæ t e r  1981; P ro sc h  1991; 
R a s m u s s e n  &  G isk e  1994; B je l l a n d  1995; G o o d s o n  et 
al. 1995). Plasticity in size and age at maturity ( S tea r n s  
&  C ra n d a ll  1984; S t ea r n s  1992) is a way of maximis
ing reproductive output under varying conditions, like 
in some of the runs here, where the model predicts early 
maturation at small sizes (Figs ID; 2D; 3D). Whether 
M. muelleri is capable of reproducing at the weights and 
ages predicted here is, however, unlikely, and the inter
pretation of the results may rather be that a smaller and 
short-lived organism like an Euphausiid or a jellyfish 
would do better under certain conditions.

The strong impact from visual predation risk on, for 
example fish weight, also indicates the importance of 
top-down control in the formation of life histories. It is, 
however, important to remember that the model only 
considers visual predation risk as a function of visual 
processes, and does not account for size selection.

The results presented and discussed above indicate 
that there are many potential factors that participate in 
shaping the life history of M. muelleri. Both seasonal 
and non-seasonal factors in the environment as well as 
physiological variables seem to influence the predicted 
patterns in habitat choice, energy allocation and repro
duction. Large efforts should be put into the study of 
biological processes, both physiological and environ
mental, in order to improve our understanding of the 
dynamics of fish populations and factors influencing 
their individual behaviour.
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