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ABSTRACT: A simple model formalizes present ideas concerning the biological and physical oceano- 
graphic processes which may influence growth and survival of larvae of the northern anchovy 
Engraulis mordax. The model simulates the distribution of prey in a turbulent water column. Scale 
analysis is used to deduce the thickness of the food layer which can be maintained in the face of 
turbulent dissipation and zooplankton grazing pressure. Decrease in growth rate of anchovy larvae as 
the prey patch erodes results in a higher mortality rate, which is expressed as a function of feeding 
history of the larvae. Prey patches which increase in concentration enhance larvae survival. The 
magnitude of vertical turbulent diffusion in the mixed layer is related to wind speed. Its effectiveness in 
dispersing food for anchovy larvae can be altered by any ability of the prey to aggregate into patches. 

INTRODUCTION 

Momentum is building up in fisheries research for a 
concerted investigation into those mechanisms that 
link variations of environmental factors with fluctua- 
tions in recruitment (Rothschild and Rooth, 1982). The 
role of modeling in this research effort is to synthesize 
what we presently know from laboratory experiments 
and field observations into a theoretical basis for 
further hypothesis testing. Models over a wide range of 
complexity are needed to identify and quantify the 
importance of these mechanisms (Wroblewski, 1983). 

The purpose of developing the present model is to 
formulate in simplest terms the present paradigm 
regarding the influence of the feeding environment on 
survival of the larval northern anchovy. Insight gained 
from this simple model will help interpret results from 
more realistic but complex models of larval fish growth 
and mortality presently being constructed. 

Hjort was one of the first (1914) to propose that the 
phase in the life history of fishes which determined 
recruitment was the larval period, specifically the time 
of first feeding. The duration of this critical period has 
been broadened to include the first few weeks of life 
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until the larvae have metamorphosed, whereupon they 
are less susceptible to horizontal advection and verti- 
cal turbulence. It is now also recognized that predation 
rather than physiological death by starvation is the 
major cause of larval mortality, although the nutri- 
tional state and growth rate of the larvae determine 
their susceptibility to predation. Mortality during the 
post larval and juvenile stages will also affect recruit- 
ment, and therefore environmental influences upon 
these later stages cannot be neglected (Rothschild and 
Rooth, 1982). Physical-biological models which inves- 
tigate the mechanisms influencing mortality of post 
larvae and juveniles will undoubtedly be built when 
sufficient observational and experimental data for 
these stages become available. 

However, we shall confine the present modeling 
investigation to the critical larval stage, for a theory 
(originating from Lasker's observations in 1975, and 
commonly referred to as Lasker's hypothesis) is 
developing concerning the biological and physical 
oceanographic processes which influence survival at 
this stage of development. The fish species chosen for 
this modeling study is the northern anchovy Engraulis 
mordax, one of the few species for which there have 
been extensive field and laboratory investigations of 
the factors influencing larval mortality. Storms and 
upwelling events were found to disrupt food aggrega- 
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tions off the California coast, and it was inferred that 
this may result in high mortality of the larvae (Lasker, 
1975, 1978, 1981; Lasker and Smith, 1977; Lasker and 
Zweifel, 1978; Smith and Lasker, 1978). The ultimate 
cause of death is again probably not starvation, but 
rather predation on the weakened larvae by gelatinous 
zooplankton, carnivorous arthropods or adult fish 
(Hunter, 1982). Thus physical oceanographic features 
which act to aggregate or dissipate patches of the 
larvae's food are of obvious importance. 

Parrish et al. (1981) have examined the effect of wind 
driven Ekman transport on large-scale larval drift of 
the northern anchovy, and Walsh et al. (1980) have 
speculated on the effect of large scale ecosystem 
changes on the survival of the Peruvian anchovy. Look- 
ing at the microscale, Vlymen (1977) and Lasker and 
Zweifel (1978) have built random-encounter models to 
simulate anchovy feeding on local food patches. But 
these authors did not specify the role of physical 
oceanographic processes in determining the food 
densities necessary for larval survival. Moreover, the 
dual effect of storms on dispersing the larvae's food in 
the vertical dimension while enhancing the overall 
productivity of the water column by entraining new 
nutrients from below the mixed layer has not been 
examined as yet. The former effect will be investigated 
here, deferring the more complex effect of enhance- 
ment of overall water column productivity for later 
investigation with an ecosystem model (Wroblewski 
and Richman, in prep.). 

We are then interested in physical and biological 
features in the water column on a scale of 10 m in the 
vertical dimension, and in how these features vary over 
periods of hours to a day or two. We examine the 
physical and biological structure in the mixed layer by 
constructing a simple 1-dimensional, time-dependent 
z , t )  prey patchiness model for which there are analyti- 
cal solutions. Any significant advection in the horizon- 
tal dimension is neglected. Our goal is to relate storm 
events to survival of larval fish by modeling the links 
between the cause (wind-driven, vertical dissipation of 
food patches) and the effect (higher mortality of slow 
growing larvae). We do not specify whether death is by 
starvation or enhanced predation on weakened larvae. 

SCALE ANALYSIS 

Scale analysis can be used to determine the signifi- 
cance of various factors which could be imagined a 
priori to be important to the problem. For example, if 
the fish larvae eat dinoflagellates during their first 
feeding (Lasker et al., 1970) and the dinoflagellates 
migrate vertically, then we should consider the ability 
of these phytoplankton to aggregate in the mixed layer 

in the face of turbulence. Dinoflagellates can also 
photosynthesize and increase their concentration lo- 
cally by cell division. Their concentration may be 
reduced by the grazing of various zooplankton pre- 
dators. We might then write an equation for the verti- 
cal distribution of dinoflagellates 

where the first term on the left hand side represents the 
local change in prey concentration P, the second term 
represents vertical migration by the prey with a swim- 
ming speed w,, and the third term represents turbulent 
mixing of P, where Kv = vertical eddy diffusion coeffi- 
cient. The first term on the right hand side of Equation 
(1) represents growth of P, where Vm = maximum rate 
of increase of the prey. The last term represents losses 
due to zooplankton grazing. Parameter Rm is the max- 
imum grazing ration with units of concentration per 
second, and \ is the Ivlev (1955) constant. 

If the prey of the anchovy larvae were nonmigrating 
dinoflagellates or microzooplankton (e.g. copepod 
nauplii, ciliates and tintinnids) which have little abil- 
ity to aggregate, Equation (1) could be rewritten with- 
out the vertical migration term. As we are interested in 
the distribution of prey in the surface mixed layer, we 
can assume K,, is a constant. Equation (1) then becomes 

We will consider prey which have an ability to migrate 
later in this paper. 

Equation (2) is analogous to the equation analyzed 
by Wroblewski et al. (1975) in deriving the minimum 
phytoplankton patch size which can be maintained by 
local growth in spite of turbulent diffusion and graz- 
ing. The only difference here is that the patch occurs in 
the vertical rather than the horizontal dimension, and a 
threshold in the grazing term has been dismissed. 

We can gain insight into the processes involved in 
Equation (2) by converting the equation to nondimen- 
sional form. Let us scale time relative to the local 
growth rate of the prey by setting T = Vm t, where T = 
nondimensional time; Vm = growth rate of P (either 
nonmigrating dinoflagellates or microzooplankton). 
Let the local concentration of prey be scaled by the 
Ivlev grazing constant K .  And finally let us scale the 
vertical dimension by the ratio ( K ~ / v ~ ) " ~ .  Substituting 
the relationships 

Vm t = T  

K P =  P' 
and z = z' ( K ~ / V ~ ) " ~  

(where primes denote dimensionless quantities) into 
Equation (21, we find 
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where the dimensionless parameter a = \ Rm/Vm. 
Wroblewski et al. (1975) found an analytical solution 

to Equation (3) for cases where P' was a small quantity, 
but they also showed the solutions were only valid for 
the initial response of the patch to turbulent dissipa- 
tion and grazing. In order to achieve realistic solutions 
for periods longer than 2 d, they concluded it was 
necessary to include nutrient limitation of phytoplank- 
ton growth (or food limitation of microzooplankton 
growth), keeping P' relatively small as in nature. 
Nevertheless it is instructive to examine the solutions 
for this simplified model. 

The solution to Equation (3) for an initial P' <S 1 and 
the initial condition P' (z', 0) = A cos (2 n kz') is 

where A = an arbitrary initial patch amplitude; k = 

wavenumber. Thus if 

all prey patches with size k-l will grow. If the patch's 
wavenumber is the critical wavenumber 

the patch will neither grow nor decrease in size. In 
dimensional terms 

When a = 0, we have the classical Kierstead and 
Slobodkin (1953) solution. Since a = Rm Wm, the 
modified critical length scale may be written 

where we use Hc to denote the critical thickness scale 
in the vertical domain. Only if H > Hc can the patch 
grow fast enough to avoid being dispersed by diffu- 
sion. The effect of a is to shift the critical patch thick- 
ness to a larger value. Notice that if a & 1, all patches 
will decay. This is intuitively obvious, for a is in effect 
the ratio of the grazing loss to the growth rate. 

Let us evaluate Hc for parameter values pertinent to 
a chlorophyll layer observed in Coyote Bay (Lat. 
26O43.0' N, Long. 11 lo 53.0' W) of Bahia Concepcion, 
Gulf of California by Kiefer and Lasker (1975). The 
chlorophyll layer was composed mostly of Gym- 
nodinium splendens, a suitable prey for young 
anchovy larvae (Lasker et al., 1970). Wind conditions 
were calm and the shallow water column was isother- 
mal with depth. Kiefer and Lasker (1975) estimated a 

doubling time of about 2.5 d for cells in the layer. 
However their estimate includes various losses (e.g. 
grazing) from the cell population. In the laboratory 
Thomas et al. (1973) measured a maximum doubling 
time of 1.6 d for G. splendens. Since Vm = In 2/doub- 
ling time, the appropriate maximum growth rate of the 
dinoflagellates is 0.43 d-' or 5 X s-I. Based on 
the difference in doubling time estimates from the field 
and laboratory, we can assume the grazing rate Rm\ 
was of order 50 % V,,,. Under calm wind conditions, K., 
in the mixed layer can be of the order 1 0 '  to 1 em2 s l .  
Any layer of passive prey with thickness less than 40 m 
(the value of Hc) would have been dispersed by winds 
generating a vertical diffusivity of 1 cm2 s l .  

The chlorophyll maximum observed by Kiefer and 
Lasker (1975) was about 5 m in vertical extent, which is 
clearly thinner than the layer thickness Hc which could 
be maintained by growth over turbulent dissipation 
and grazing. However a chlorophyll maximum of 5 m 
thickness would just be maintained if the vertical dif- 
fusivity were only 0.1 cm2 s l .  Alternatively, if the 
dinoflagellates were able to aggregate in the mixed 
layer (and Gymnodinium splendens has this ability), 
this would lower the effective value of Kv. The critical 
vertical scale would be decreased and the chlorophyll 
layer maintained. The reader can insert any combina- 
tion of values for effective K,,, Vm, \ and Rm into the 
equation for He to see how the critical patch thickness 
changes with these alternative parameter values. 

NUMERICAL SOLUTION OF THE MODEL 

To illustrate the dynamics of the model, we can 
express Equation (3) in finite difference form (see 
Wroblewski et al., 1975 for details) and solve the model 
numerically. Fig. 1 shows the solution of Equation (3) 
for T = 0, 1 and 3. As Vm is approximately 0.5 d l ,  T = 
1 and 3 corresponds to 2 and 6 d respectively. Six days 
are beyond the time for which the model is valid, but 
examining T = 3 gives the reader an idea of the longer 
term model response. As depth is scaled by (Kv/Vm)Ih, if 
Vm = 5 X loM6 s-I and Kv = 0.1 cm2 s-l, the depth 
range is 0 to 42 m. The initial patch thickness is 
k 1  = 8.9 m. The layer of chlorophyll is spread out 
vertically by diffusion and reduced in concentration by 
intense zooplankton grazing, as we have assumed 
a = 1.5 to illustrate this case. For simplicity, the graz- 
ers are assumed to be homogeneously distributed 
throughout the mixed layer, so there is no spatial 
dependence in a. 

As we are interested in how the concentration of 
prey P influences larval fish mortality, we must now 
formulate the feeding dynamics of larval northern 
anchovy. Most of the feeding experiments on larval 
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Fig. 1. Dissipation of an initial patch of prey with nondimen- 
sional time. The highest scaled concentration occurs at the 
initial time T = 0. The distribution of prey spreads in the 
vertical dimension and the concentration decreases due to 

diffusion and intense zooplankton grazing 

Engraulis mordax found in the literature use microzoo- 
plankton as prey rather than dinoflagellates. We must 
therefore use growth rates from these laboratory exper- 
iments to estimate the minimal food requirements (in 
terms of nitrogen) of young larvae. 

Although Lasker (1975) argues that the dinoflagel- 
late Gymnodinium splendens is important in the diet 
of first feeding anchovy larvae, it is also known that 
dinoflagellates will not support larvae older than 20 d 
(Lasker et al., 1970). The diet of these older larvae 
switches to microz~oplankton~ i.e. small crustaceans, 
ciliates and tintinnids, with only a small fraction of 
phytoplankton (Hunter and Thomas, 1974; Arthur, 
1976). The generation time of microzooplankton is in 
the order of hours to days (Pomeroy, 1974; Sheldon and 
Sutcliffe, Jr., 1978; and others) with values of V,,, 
within the same order of magnitude as dinoflagellates. 
There is even some evidence that microzooplankton 
occur in patches (Owen, 1981) and may be associated 
with the chlorophyll maximum (Beers and Stewart, 
1970; Chester, 1978). Thus our calculations are not 
much different whether the prey variable P' in Equa- 
tion (3) is dinoflagellates or microzooplankton, as long 
as the nutritional quality of the prey is sufficient 
(Lasker, 1981). 

From feeding experiments performed by O'Connell 
and Raymond (1970) the maximum growth rate of lar- 
val anchovy appears to be 22 % per day. We know that 

growth = ingestion - egestion - excretion. 

Ingestion R of prey by larval fish is calculated from the 
Ivlev (1955) expression 

where P = prey concentration; Rp = maximum inges- 
tion rate; c = Ivlev constant. 

Egestion of fecal matter by anchovy larvae is taken 
to be a constant fraction 6 of the ingested ration R. Thus 

egestion = 6 R. 

As a first approximation, metabolic excretion of nitro- 
gen is assumed to occur at a constant basal rate, E, plus 
an additional metabolic excretion associated with 
feeding activity, y R. Thus 

excretion = y R + E. 

Therefore 
growth = ~ ~ ( 1 - e 4 )  - 6 ~ ~ ( 1 - e ^ )  - y ~ p ( l - e ^ ) - e  

= RF(l - 6 -y) (1 - e^") - E. 

The assimilation efficiency (1 - 6 - y) is lower in 
larval clupeoids than in juveniles and adults due to 
immaturity of the digestive system (Blaxter and 
Hunter, 1982). Houde and Schekter (1981) found 
assimilation efficiencies between 24 and 41 % for bay 
anchovy. Based on data presented in Vlymen (1977) 
and Lasker et al. (1970), we choose 6 = 0.4. Very little 
information on nitrogen excretion by anchovy larvae is 
available. Using Weihs (1980) as a guide, we assume 
the basal metabolic excretion parameter E is 5 % d"' 
and the metabolic excretion parameter associated with 
feeding, y, is 20 % of RF. The assimilation efficiency 
(1 - 6 - y) is then 40 %, which is consistent with the 
findings of Houde and Schekter (1981). 

The maximum growth rate of 22 % d"' measured by 
O'Connell and Raymond (1970) occurs when ingestion 
is maximal, i.e. when R = Rp. Thus 

Solving for Re, 

The value of RF represents a daily average. As larval 
fish are visual feeders, Rp may be much higher during 
the day and near zero at night. An Re value of about 3 
times the maximum growth rate seems reasonable. 
Laurence (1977) found a similar value for larvae of 
winter flounder Pseudopleuronectes americanus. 

Based on the feeding experiments by O'Connell and 
Raymond (1970), the Ivlev constant c for larval anchovy 
is about 2 (pg atom N 1"')"'. That is, the feeding rate is 

RF at a prey concentration about 0.5 pg atom N I-', 
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Fig. 2. Engraulis mordax, larvae. Rates of ingestion, egestion, 
excretion and growth with increasing concentration of prey. A 
prey concentration of 0.44 pg atom N 1 '  is equivalent to 
about 1 copepod nauplius m l ' .  (Based on data in O'Connell 

and Raymond, 1970) 

which is about 1 copepod nauplius ml l .  Fig. 2 shows a 
plot of ingestion, egestion, excretion and growth of 
northern anchovy larvae as a function of prey concen- 
tration for these parameter values. 

Careful formulation of larval mortality as a function 
of prey concentration must now be included if we are 
to understand the environmental conditions which 
influence survival of young anchovy. Larval mortality 
is assumed to be a function of weight at age, or in other 
words, a function of the feeding history of the larvae. 
Larval weight is expressed as 

where Wo = initial weight of the larvae at time t = 0; 
growth rate G of the larvae = difference between 
ingestion and egestion plus excretion. Larval mortality 
M is then expressed as a function of the baseline 
growth rate r and the actual value of W, 

so that if G > r, larval mortality will decrease over 
time; if G < r, mortality will increase over time; and if 
G = r, mortality will be constant. Beyer and Laurence 
(1980) also used a baseline growth rate when formulat- 
ing mortality in a stochastic model of larval fish sur- 
vival. The function f is assumed to be a power function, 
i.e. 

To estimate the mortality parameters a, b and r we 

must again turn to the experiments by O'Connell and 
Raymond (1970). These authors present data on num- 
bers of surviving larvae and their weights over time at 
different food concentrations. A multiple linear regres- 
sion analysis was conducted to estimate a, b and r in 
the equation 

1nM = l n a  + b r t  - bln(W/Wo). 

It was found that a is 6 % d-If b is 2.12 and r is 17.5 % 
d-I. Thus if a population of similar larvae grows at the 
baseline rate of 17.5 % d l ,  the mortality rate of the 
population will be constant at 6% d l .  If the growth 
rate is higher, then mortality will decrease over time, 
and if the growth rate is lower, mortality will increase 
over time (Fig. 3). 
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TIME (days) 

Fig. 3 .  Engraulis mordax, larvae. Rate of mortality with time 
for different constant growth rates. (Based on formulation of 
mortality rate described in the text and parameter values 

derived from data in O'Connell and Raymond, 1970) 

Before we can incorporate these physiological 
dynamics for northern anchovy larvae into the prey 
patchiness model, we must scale the equation 

where F is the concentration of larval anchovy 
biomass. 
Again let Vm t = T and \P = P'. Now let ^.F = F'. Then 
Equation (4) becomes 

The only additional parameter we must now specify is 
c/X, the ratio of the Ivlev constants for larval fish 
grazing and total zooplankton grazing. We choose this 
ratio to be order one. With this value, changes in the 
scaled prey concentration P' from the maximum con- 
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Fig. 4. Same as Fig. 2 except rates and prey concentration 
have been scaled into nondimensional quantities as 

described in the text 

centration (P' = l .O),  either by turbulent diffusion or 
growth of P', will have a noticeable effect on the 
growth and mortality of the anchovy larvae (Fig. 4). 
Higher values for c/ 1 would increase the steepness of 
the curves in Fig. 4, decreasing the sensitivity of the 
fish larvae to changes in P'. 

MODEL RESULTS 

Knowing larval growth and mortality as a function of 
prey concentration, we can plot in Fig. 5 the depth 
distribution of these rates over time as the prey patch 
shown in Fig. 1 dissipates. It is assumed the anchovy 
larvae are homogeneously distributed within the 
mixed layer. For a simplified model this is a defensible 
assumption, and observations show this is often the 
case (Blaxter and Hunter, 1982). It is also assumed that 

SCALED GROWTH RATE 
? -0.1 0 0.1 0.2 0.3 

I 

the young anchovy larvae do not migrate vertically. 
We can neglect the larval fish biomass as a contributor 
to the grazing stress on P' because larval fish make up 
such a small fraction of the total zooplankton biomass. 
While larval fish feeding does not affect the concentra- 
tion of P' (Cushing, 19831, the converse is not true, of 
course. We see that the highest growth rate (Fig. 5 A) 
and lowest mortality rate (Fig. 5 B) of anchovy larvae 
occur at the center of the prey patch. 

At the heart of Lasker's (1975) hypothesis is the idea 
that vertical mixing during wind events will dissipate 
the prey patch to varying degrees, leading to fluctua- 
tions in mortality of larval anchovy. Therefore we must 
investigate the response of the model to increasing 
values of the vertical diffusivity coefficient Kv. Fig. 6 
shows the scaled mortality rate for fish larvae 
positioned at the same depth as the maximum in P' as 
the patch decays over 2 d. One can alter the value of Kv 
in the model by varying the patch wavenumber k. Now 
z = z' (Kv/Vm)yz where z = initial patch thickness; z' = 

l/k. If z is fixed at 8.9 m and Vm is fixed at 5 X lo4 s-I, 
then for & = 0.1 cm2 s-I, k = 1/(2n); for & = 0.4 cm2 
s-I, k = l /n ;  and for Kv = 1.6 cm2 s-', k = 2/n. 

The family of curves in Fig. 6 shows that for increas- 
ing values of K,,, the scaled mortality rate increases 
exponentially. 

We can also investigate the response of the model 
where the patch grows. Earlier we derived the critical 
wavenumber 

If a > 1.0, the patch must decay, for the grazing ration 
is greater than the daily production by the prey. If a = 
1, prey production equals loss to predation and the 
only losses from the patch are due to turbulent diffu- 
sion (Fig. 6, curves At B and C). But now if a = 0, the 

SCALED MORTALITY RATE 

Fig. 5. Engraulis mordax, l a ~ a e ,  
(A) Scaled growth rate with non- 
dimensional time and scaled 
depth for prey distributions shown 
in Fig. 1. Nondimensional time T 
= 1 corresponds to 2 d, and T = 3 
corresponds to 6 d elapsed from 
time zero. (B) Scaled mortality 
rate corresponding to the feeding 
history and growth rate depicted 

in Fig. 5 A 
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Fig. 6, Engraulis mordax, larvae. Scaled mortality rate in the 
center of the prey patch. For Curves A, B and C the prey patch 
dissipates. Parameter a = 1.0 and K,, values are 1.6, 0,4 and 
0.1 a n 2  s-I respectively. For Curve D, parameter a = 0 and 

Kv is 0.1 cm2 s-', so the prey patch grows 

critical wavenumber is 1/(2n). All patches with a 
wavenumber greater than this value will grow. In Fig. 
6 (Curve D) we plot the scaled larval anchovy mortality 
rate for a prey patch of initial thickness kA1 = 8 n  (KJ 
Vm)l'a = 35.4 m, assuming Kv = 0.1 cm2 s-l and Vm = 5 
X lo4 s-I. This patch will clearly grow. The increase 
over time of P' at the patch center is shown in Fig. 7. 

0 i I 
1 , r r 

0 0.2 0.4 0.6 0.8 1.0 
SCALED TIME 

Fig. 7. Engraulis mordax, larvae. Scaled growth rate in the 
center of the prey patch which grows (Fig. 6, Curve D). Scaled 
concentration of Pa in patch center, as the patch grows over 

nondimensional timer is shown in the lower curve 

This results in an increase in growth rate of the 
anchovy larvae and a decrease in the mortality rate 
once P' has reached a value of 1.75, which occurs at T = 
0.6. Thereafter the growth rate exceeds the baseline 
growth rate, resulting in a decrease in mortality rate 
(Fig. 6, Curve D). This rate will continue to plummet 
exponentially. 

Vertically migrating prey 

Thus far we have only considered the case where 
northern anchovy larvae feed on nonmigrating dino- 
flagellates or microzooplankton. The dinoflagellate 
Gymnodinium splendens reported in Lasker's (1975) 
observations does have a vertical swimming capability 
(Kiefer and Lasker, 1975), which can concentrate the 
larval anchovy's food into a layer if turbulence condi- 
tions permit. Scale analysis can again be used to deter- 
mine the magnitude of the vertical diffusivity which 
just balances aggregation by the dinoflagellates, 

Reconsider Equation (1) where the zooplankton 
grazing term has been expanded by Taylor series and 
all second order terms have been neglected so that 

We again only consider prey within the mixed layer 
where Kv is a constant. Dinoflagellates can migrate 
through the thermocline to depths of reduced turbu- 
lence (Cullen and Eppley, 1981), but this situation is 
too complex for a first modeling attempt. Our basic 
equation is then 

Let us scale P by the total amount of dinoflagellates 
in the layer PT, and depth z by the thickness of the 
layer H. Since we are interested in the ability of the 
dinoflagellates to maintain the layer by swimming, let 
us scale time t by the ratio H/ws. Substituting the 
relations 

t = (H/ws) T 
P = P' PT 

and z = z' H 

(where primes denote nondimensional quantities) into 
Equation (6) we findt 

The nondimensional coefficient &/(H ws) is instruc- 
tive as it specifies the vertical diffusivity which just 
balances the dinoflagellatesr ability to maintain the 
layer. If the diffusion term balances the vertical migra- 
tion term, 

Let us evaluate this particular value of &. Kiefer and 
Lasker (1975) observed a chlorophyll layer approxi- 
mately 5 m thick, composed mostly of Gynodjnjum 
splendens. The layer moved vertically at a speed of 
approximately 1 m h-I in a die1 migration. With this 
swimming speed the dinoflagellates should be able to 
maintain the layer against a diffusivity of 14 cm2 s-I. 
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Dinoflagellates can also maintain their concentra- 
tion locally by cell division. If the net growth term in 
Ewation (7) just balanced losses due to diffusion 
alone, 

As mentioned above, Kiefer and Lasker (1975) esti- 
mated a doubling time for the phytoplankton layer of 
about 2.5 d. The net growth rate of the phytoplankton 
would then be In  21 2.5 d or 3.2 X s-I. Their 
estimate of a net growth rate would include losses due 
to grazing and approximates the term (Vm - RmA) in 
Equation (6)* Thus a layer of dinoflagellates 5 m thick 
could be maintained by this local net growth rate 
against a difhsivity of Kv = 0.8 cm2 s-I. The growth 
term is negligible compared to the vertical migration 
term in Equation (6). 

These results from scale analysis indicate that food 
for larval anchovy can be maintained in a layer under 
moderate turbulence conditions if the prey has an 
ability to swim vertically. If the prey did not aggregate, 
the threshold for turbulent dissipation of the food 
would be much lower, as we have shown earlier. 

Once the value of Kv in the mixed layer exceeds this 
special value (Kv = H ws) at which the dinoflagellates 
can just maintain the layer, the prey patch will erode. 
Okubo (1972) has derived analytical solutions for small 
organism diffusion around an attractive center which 
may be applicable. Under strong mixing conditions, 
even the ability of the prey to aggregate can be neg- 
lected, The effect of strong turbulent dissipation of the 
dinoflagellate layer upon larval anchovy survival 
would be similar to the model solutions shown earlier 
(with the proper scaling). 

Relation of Kv to wind speed 

One would like to relate the value of the vertical 
diffusion coefficient Kv to a specific wind speed so that 
model predictions could be compared to observations 
of certain storm events. Vertical mixing in the surface 
layer of the sea may be related to the wind stress, 
density stratification in the surface layer and vertical 
shear of the current. Kullenberg (1971) suggested the 
scaling relation for the vertical eddy diffusivity, 

where T~ = wind stress; N2 = square of static stability 
frequency; Q = density of seawater; ldq/dzl = mag- 
nitude of vertical shear of the current; Rf = flux 
Richardson number (the ratio of the turbulent buoy- 
ancy flux to the rate of production of turbulent kinetic 
energy), In shallow water dye diffusion studies, Kul- 

lenberg (1971) found reasonable agreement between 
the dispersion of the injected dye and the formula 
above, evaluated for the depth where the layer of dye 
was located- Using energy transfer arguments and 
assuming a turbulent Ekman layer, Kullenberg (1976) 
simplified this relation to obtain a simple formula for 
the rate of vertical mixing generated by the wind, 

where Km = vertical momentum transfer coefficient; 
Wlo = wind speed at 10 m above sea surface, The ratio 
K.,/Km is proportional to Ri-I, where Ri = gradient 
Richardson number. Thus one cannot simply relate Kv 
to wind speed without some knowledge of the physical 
structure of the water column, Unfortunately, Lasker 
(1975) did not report the local wind speed or the 
detailed hydrography needed to relate the observed 
dispersion of the chlorophyll layer on April 9, 1974 at 
Lat. 33' 19.9' N, Long. 117' 35.3' W to a specific value of 

Kv. 
However, Lasker (1978) does present typical temper- 

ature profiles for the California coastal region between 
November, 1974 and April, 1975. The chlorophyll layer 
observed by Lasker in April, 1974 was probably 
located near the base of the mixed layer in the vicinity 
of the nitracline (Cullen and Eppley, 1981). For a 
mixed layer depth of 20 m, an ambient stratification of 
3 cph (i.e. s-I) and a wind stress of 1 dyne ~ m - ~ ,  
Ri is about 4. Thus Kv/Km is approximately OqO5 (Fig. l b  
in Kullenberg, 1978). If the stratification were less, the 
ratio would be closer to unity. Using the estimate 

K., = 0.05 & = 2 X W:o 

a wind speed of 26 m s-I would result in a turbulent 
diffusivity of 14 cm2 s-l. This is the particular value of 
K,, calculated earlier where the motile dinoflagellates 
can just maintain the layer. Any higher wind speed 
would dissipate the vertical structure in the dinoflagel- 
late distribution. Lasker (1975) did report that the 
storm that obliterated the chlorophyll layer on April 9, 
1974 was violent, 

LIMITATIONS OF THE MODEL 

Future versions of this model will include physical 
dynamics of wind and water column so as to simulate 
wind-driven, mixing events in more detail. As anchovy 
lawae and their Gymnodinium splendens prey are 
commonly found nearshore (Lasker, 1981), the model 
will also incorporate the contribution of tidal mixing to 
K., in shallow water columns. 

One would also like to investigate the effect of wind- 
driven deepening of the mixed layer on overall water 
column productivity and how this relates to larval fish 
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survival further offshore, Entrainment of new nutrients 
into the mixed layer would enhance primary produc- 
tion, Entrainment may not significantly increase the 
production by dinoflagellates which can vertically 
migrate below the pycnocline at night to acquire nut- 
rients and then rise toward the surface to photosyn- 
thesize during the day (Cullen and Horrigan, 1981, and 
references therein). However, enhanced primary pro- 
duction should ultimately lead to increased secondary 
production and higher concentration of prey items of 
larval fish such as copepod nauplii, ciliates and tintin- 
nids. A more complex 'ecosystem type' model is 
required to simulate these effects (Wroblewski and 
Richman, in prep.). 

The formulation of growth of prey in the simple 
model presented above limits the time of forward 
integration for which the model is valid, While the 
initial patch is diffused, because there is no limitation 
to growth of P', the total quantity of P' continually 
increases. There is no 'poison area' surrounding the 
patch as in the Kierstead and Slobodkin (1953) model 
to keep the total P' small. Thus, results of the present 
model concerning the response of the prey patch about 
the critical wavenumber k are valid only for a day or 
two. This limitation can be alleviated by including 
resource supply kinetics for P' (e.g. Michaelis-Menton 
nutrient dynamics or food-limited microzooplankton 
growth) in the model. 

CONCLUSIONS 

In spite of its limitations, this simple model gives 
insight into the problem of larval anchovy survival in a 
vertical mixing environment. We have shown that the 
critical thickness of the layer of food (feebly swimming 
dinoflagellates or microzooplankton) within the mixed 
layer is Hc = 2 rc (Kv/(Vm-Rmk))yl. Only if the stratum is 
thicker than Hc can the prey grow fast enough to 
maintain their concentration despite losses due to zoo- 
plankton grazing and turbulent diffusion, Diffusivities 
of order 1 cm2 s-I in the mixed layer can dissipate 
strata of slow growing prey about 10 m thick. Since 
light winds can generate these diffusivities, suitable 
concentrations of food for anchovy larvae are unlikely 
to exist in well mixed water columns except under 
calm wind conditions. However this is not true if the 
prey has a swimming ability which allows it to aggre- 
gate. The dinoflagellate Gyinnodinium splendens, a 
suitable food for young anchovy larvae, has this ability. 
Diffusivities of the order 10 cm2 s-I are required to 
disperse layers of these dinoflagellates. Thus anchovy 
larvae could find sufficient concentrations of this type 
of food in shallow, well mixed waters even during 
moderate wind conditions. 

Further offshore, where dinoflagellates and mic- 
rozooplankton are associated with density discon- 
tinuities near the base of the mixed layer, vertical 
diffusivities are reduced due to the stratification. 
Strong winds are required to disperse these food strata. 
If the food patch does dissipate during a violent storm, 
e.g, as observed by Lasker in April, 1974, the decrease 
in growth rate of the anchovy larvae could quickly lead 
to a higher mortality rate. 

The present model synthesizes laboratory experi- 
ments and field observations of the feeding environ- 
ment of larval anchovy into a theoretical framework. It 
serves as a stepping stone for further model develop- 
ment. More realistic but complex simulation models 
whose predictions can be directly compared to obser- 
vations during wind events are needed for continued 
testing of hypotheses. 
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