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INTRODUCTION

As early as 1914, Hjort proposed that differential mortality
of first-feeding larvae due to variable feeding conditions could
be the cause of extreme variations in year class strength of fish.
Tests of this simple attractive hypothesis have given equivocal
results at best. With regard to clupeid larvae, on the average,
there is usually not enough food available for the larvae to sur-
vive, considering the amount of water a larva is capable of
searching and its inefficiency in capturing food when it first
starts to feed (Hunter, 1972). With the sampling gear currently
used (pumps and plankton nets#*), it is still difficult to establish
whether any body of water can support enough larval fish survival
to ensure the establishment of a robust year class. To do so,
however., would be a first step toward defining criteria for suc-
cessful recruitment, a recognized need in all fisheries research
today (Gulland and Boerema, 1973). The success of pelagic fish in
their environment has prompted fishery scientists to postulate that
there have to be suitable concentrations of food organisms in space
and time (patches) to provide for larval feeding and that Hjort's
hypothesis is still viable and should be rigorously tested.

The significance of food aggregations for larval fish can only
be assessed if we know important features of larval feeding

*Both kinds of gear sample a lot of water and tend to give results
which average numbers of organisms over depths or distances and
consequently obscure fine-scale patchiness of larval fish food.
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behavior. Although we know relatively little about the behavior of
most fish larvae, it is possible now, with at least one species,
Engraulis mordax, to assemble the pertinent behavioral data as a
result of some recent intensive laboratory and field investigations.
Two recent papers by Lasker (1975 and 1978) have provided evidence
for the aggregation of properly sized food particles in the habitat
of the first-feeding larval anchovy off California. He found that
stability of the water column in the upper 30 meters appeared to

be the key condition required for larval anchovy food organisms to
aggregate in densities high enough to exceed the threshold for the
feeding stimulus of first-feeding Northern anchovy larvae. Disrup-
tion of this stability was caused by vigorous storms or by upwell-
ing along the coast, both resulting in a dilution of the micro-
plankton needed for feeding and, by inference, excessive mortality
of any larvae which needed to feed immediately after these events
occurred. In addition, the work of Hunter (1972, 1976, 1977),
Hunter and Sanchez (1976), Arthur (1976, 1978), Lasker (1964),
Lasker et al. (1970) and Vlymen (1974, 1977) provide us with a
background of behavioral and physioclogical information on the
larvae of the northern anchovy, Engraulis mordax. The interest in
anchovies goes beyond their importance in the California Current
ecosystem; anchovies contribute to some of our largest fisheries,
and, indeed, when the Peruvian anchovy fishery was at its peak,

the anchovy catch made up 25% of the entire world fish catch.

These studies suggest that patchiness, which results in rela-
tively high concentrations of larval anchovy food, is a major
factor in the survival of clupeid 1larvae, although, as we will
illustrate, high concentrations alone cannot be the sole criterion
for survival. Other factors, such as the nutritive value and
digestibility of the food, size of the food particle, food selec-
tion by the larva, learning by the larva, and a variety of other
behavioral modalities, have to be taken into consideration if one
is to predict whether a particular feeding regime will be favorable
to larval anchovies. 1In this investigation, we consider the naive#*,
first-feeding anchovy larva presented with food on the first day it
is capable of feeding. Patchiness obviously provides higher abso-
lute concentrations of food particles than is usually found in the
anchovy larva's environment. We attempt to show here that high
food concentrations characteristic of patches in the sea, which
appear to provide abundant food in the normal foraging distance of
the larva, may still not be sufficient to provide for larval

*The term naive encompasses both the concept of non-selectivity of
prey and a pattern of search based upon the random walk ('the
blundering idiot' model, Murdie, 1971).
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anchovy growth and survival on the first day of feeding. Because

of the rapid development of learning in larvae and the increase in
success of capture and selectivity, we have chosen to analyze only
the first day of feeding by anchovy where learning has not had the
opportunity to develop. Iliowever, we believe this modeling technique
can be extended to assess growth and survival in older larvae as
well.

LARVAL ANCHOVY BEHAVIOR AWD FOOD DISTRIBUTION

A first-feeding larval anchovy is dependent for food on a very
local scale. Its swimming and feeding behavior has been studied by
Hunter (1972) in great detail. The pertinent results from his study
relative to the capture of food is that feeding appears to be en-
tirely visual and that, at first feeding, success of prey capture
ranges from 10-30% of the micro-, phyto- and zooplankters attacked
by the larva (Figure 1).

From laboratory and field work, Lasker (1975) showed that there
is a critical threshold concentration of food particles for gut-
filling by first-feeding anchovy larvae. At the prevalent oceanic
temperature, 13-149C in the anchovy's spawning ground, Lasker found
that about thirty 40-50 pym particles/ml, were needed in the larva's
immediate environment to stimulate feeding and gut filling. This
is remarkably similar to prey concentrations which are determined
from Vliymen's (1977) computer simulation for meeting the larva's
energetic needs on the first day of feeding. In the laboratory,
however, other factors for successful feeding are apparent and can
modify these threshold concentrations. These were listed by
Lasker (1975) as follows.

Particle Size at First Feeding Appears to be Critical

We know from the stomach content work on larval anchovies by
Arthur (1976) as well as from investigations by Rojas de Mendiola
(1974) on the larva of the Peruvian anchovy E. ringens, that these
larvae can capture and eat particles as large as 100 pym in smallest
dimension when they first begin to feed, but that the usual diet
contains smaller particles with a minimum size ingested from 25 um,
and nauplii with an average width of 68 um. Arthur (1976) mentions
that about 20% of the food found in very early-stage anchovy larvae
were ""unidentified spheres ... probably of plant origin" but mostly,
he and other workers describe copepod eggs and nauplii as dominant
identifiable foods found in the larval intestine. For example,
during the first few days of feeding, stomach contents revealed 437%
of ingested particles were copepod nauplii; at 9 days of age, when
the larva is 6 mm long, 68% of the food particles found are copepod
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Figure 1. Feeding success (percent of attacked prey captured) of
anchovy larvae of various ages fed Brachionus. Larval age is
plotted on log scale, equation for line is percent success = 93.2
(log age) ~ 33.30. Two open circles, larvae fed Gyrmodinium (from
Hunter, 1972).

nauplii and at 14 days (ca. 8 mm long), 91% were nauplii*. Doubling
the diameter of a spherical particle increases its volume 8 times.
In the environment of the anchovy larva, this differeace can have

a profound effect on the feeding larva. For example, when feeding

*Gut content studies suffer from the uncertainty that particles
found may be there because they could not be digested. However,

the particle sizes actually ingested are pertinent in the following
discussion.
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on small particles, the anchovy larva must capture (according to
Hunter) approximately 230 forty-micron diameter particles a day.

If the capture efficiency on the first day of feeding is 10%, the
larva must attack 2,300 particles. However, the capture and diges-
tion of a single 80 um particle provides energy at least equivalent
to 8 forty-micron particles. Large particles, however, are not
captured with as high an efficiency as small ones and this lower
efficiency is related to mouth size (Hunter, 1977). HKunter (1977)
also shows that when the anchovy larva reaches 6 mm in size (approx-
imately 9 days of age), its metabolism has reached a level whereby
it cannot survive on small particles alone. Thus, in any analysis
of the feeding environment, consideration of both particle size and
particle concentration seems to be essential.

The Number of Particles Per Unit Volume in the Anchovy
Larva's Environment Must be Above a Minimum Concentration

Hunter (1977) evaluated two methods available for determining
the food density requirements for survival of anchovy larvae using
a simple searching model as well as laboratory density experiments.
His conclusions were that laboratory density experiments yield
higher food density requirements for survival of anchovy larvae
than simple searching models, but that the former suffer from the
possible existence of larval density dependent interactions and
that the small experimental tank volume may limit the searching
capacity of the larva. While the searching model is not affected
by these variables, it is grossly affected by errors in the
parameters and the assumptions required by the model.

Using laboratory-spawned, first-feeding anchovy larvae as a
bioassay of sea water aboard ship, Lasker (1975) showed that gut
filling by a first-feeding anchovy larva in natural water at
13-149C only occurs when a density of about 30 forty-to-fifty
micron particles/ml is present at first feeding. He verified this
with laboratory experiments. As the larva grows and becomes a more
efficient feeder, the number of particles per unit volume needed
for feeding is less because the animal increases the size of the
particles it takes and begins to ignore smaller ones. At least
for first-feeding larvae, the results obtained by Lasker give a
reasonable estimate of the minimum density of 40-50 um particles
required for first feeding by anchovy larvae. Vlymen (1977) has
demonstrated, through a prey concentration random walk model and
a Markov chain prey attack model, that there is a quantitative
connection between the growth of a larva and geometric arrangement
of prey in its environment. He concludes from his wmodel that sur-
vival after the first day of feeding can be achieved at particle
concentrations of between 14 and 32 forty-micron particles/cm3 in
a geometrically structured patchy environment with patches having
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a particle concentration of 32 particles/cm3 and an interpatch
region having concentrations 14 particles/cm3. The radius of the
patches, and the interpatch region used in Vlymen's simulation,
are in centimeters, a scale which is not routinely sampled in the
sea.

The Kind of Food Organism Determines Larval Survival and Growth

Scura and Jerde (1977) showed in a number of laboratory experi-
ments that first-feeding Northern anchovy larvae will ignore and
fail to feed on particles less than 20 um in diameter. These
included diatoms, whether single or in chains, and microflagellates,
e.g., Dunaliella or Tetraselmis. Diatoms are rarely reported from
gut content studies of anchovy larvae. In the event a particle is
large enough to be seen and eaten by an anchovy larva, the nutri-
tional and caloric content of the particle must be sufficiently
high in the aggregate to provide for metabolism and growth. Lasker
et al. (1970) also showed that there was a striking difference
between the ability of various microzooplankton to support larval
anchovy growth and survival. For example, veliger larvae of some
snails supported no anchovy larva growth or survival, while the
dinoflagellate Gymodinium splendens and the rotifer Brachionus
plicatilis could be used to rear the animal (Hunter, 1976). The
dinoflagellate Prorocentrum does not support growth, as Scura and
Jerde (1977) have shown, nor does the dinoflagellate Gonyaulax
polyedra. Prorocentrum may simply be too small and not have enough
calories per cell; but Gonyaulax, a larger cell, can be captured in
great quantity by the larva and, although smaller than Gymmodinium,
might have been expected to support growth and survival, but did not
do so in laboratory experiments.

PROBABILITIES OF EWCOUNTER AT DIFFERENT DENSITIES

In this section, we suggest an approach which, when coupled
with field information on the distribution of proper-sized food
particles for first-feeding anchovy larvae, may provide a tool with
which to determine the extent and goodness of fit of anchovy larvae
feeding grounds. With this information, it may be possible to pre-
dict whether recruitment will be successful from any particular
spawning.

Important features of anchovy larvae behavior have been pointed
out above. The most important of these, for purposes of this dis-
cussion, are the threshold concentrations for feeding, the number
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of strikes a first-feeding larva makes in a day*, the percent
success with which it can capture food, and the maximum size parti-
cle it can successfully ingest at first feeding. Although usually
there is a hyperbolic distribution of particle size in ocean water
with the largest particles being fewest in number (Viymen, 1977),
often in the environment of these larvae we find patches containing
two or more specific size classes of particles together, e.g.,
copepod nauplii and dinoflagellates. As a first-feeding anchovy
larva swims among these particles, it encounters the most prevalent
organism most frequently and captures at least 107 of those at which
it strikes. If the animal attacks a nauplius twice the diameter of
a dinoflagellate in a hunting series and manages to capture it, the
nauplius can provide as much as an order of magnitude more energy
than the smaller particle on which it was feeding. Therefore, the
feeding behavior of an individual anchovy larva is constrained by

a) the concentration and kind of prey which will stimulate a feeding
attack; b) the prey distribution; c¢) the physical and physiological
limitation on the number of possible attacks; and d) the gut volume.

In the first analysis shown below, Vlymen's (1977) computer
growth model** for Northern anchovy larvae is used with some modi-
fication to simulate a random distribution of two size ranges of
particles, 45-55 pm and 95-105 um in diameter. Therefore, on the
first day of feeding, the larva is faced with a locally homogeneous
environment containing a random selection of particles suitably
sized for ingestion. The concentrations of the particles (Table 1)
are such that they encompass the range for theése sizes found by
surveys in the Southern California Bight, the major spawning and
feeding ground of the Northern anchovy. When one does this, con-
centrations of the two particles can be found that provide for
metabolism at least, and growth when these concentrations are
exceeded. This analysis assumes that the placement of large parti-
cles in the feeding queue of small particles is random, with the
results given as the average growth rate for the population of
first-feeding anchovy larvae on the first day.

*Hunter and Thomas (1974) have shown that the rate of larval anchovy
feeding increases with increasing food density. Strike rates of
anchovy larvae can be as high as 10 per minute, but usually average
4 to 5 per minute. We use 10 strikes per minute in this simulation
model.

**Some of the terminology employed (e.g., size specific capture
rates) is more general than actually required for this paper. The
mathematics and notation used were chosen in order to simplify the
adaptation of Vlymen's work and in anticipation of further work on
the same topic.
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Table 1

Analysis of average growth in millimeters of anchovy larvae for the
first day of feeding in varying concentrations of organisms in two
size ranges: 45-55 and 95-105 um at 14.00C, a 107 capture success
rate and random distribution. Energy per each small particle is
4.236 % 1072 cal. and for each large particles is 4.523 % 10~% cal.
based on caloric content of Gymodinium splendens (Vlymen, 1977)
and a copepod nauplius, respectively (Lasker, 1965).

Concentrations of Concentrations of 95-105 um particles/ml
45-55 pum

particles/ml 0.00 0.001 0.01 0.1 1.0 10.0
0.0 -0.08 -0.08 -0.08 -0.08 -0.08 -0.02

1.0 -0.08 -0.08 -0.08 -0.08 -0.08 -0.01

10.0 -0.08 -0.08 -0.08 -0.08 -0.07 -0.01

20.0 -0.07 -0.07 -0.07 -0.07 -0.07 -0.01

30.0 -0.07 ~0.07 -0.07 -0.07 -0.06 0.00

40.0 -0.06 -0.06 -0.06 -0.06 -0.06 0.00

50.0 -0.06 -0.06 -0.06 -0.06 -0.05 0.01

60.0 -0.05 -0.05 -0.05 -0.05 ~0.05 0.01

70.0 -0.05 -0.05 -0.05 -0.05 -0.04 0.01

80.0 -0.04 ~0.04 -0.04 -0.04 ~0.04 0.02

90.0 -0.04 -0.04 -0.04 -0.04 -0.03 0.02
100.0 -0.04 -0.04 -0.04 -0.03 -0.03 0.02
200.0 -0.03 -0.03 -0.03 -0.03 -0.02 0.01
300.0 -0.03 -0.03 -0.03 -0.03 -0.02 0.00

If the larva could attack all prey in its visual field, the
expected number of captures, N,, would be the product of the number
N of potential attacks (excursions), the probability of attack P4,
the probability PS(S) of actually selecting organisms of size S
(in this analysis PS(S)=1), the relative frequency F(S) of organisms
of size S in the prey distribution and the probability of capture
PC(S), i.e., where E(N,) is the average number of prey captured,

u

E(Nc) =N PA ¥ FS(5) R(8) PC(S)
s=4

w
IS
x>

where ¥ < N and indicates a summation over all sizes of
acceptable or available prey.
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Vliymen's (1977) model corrects the attack and capture rates
for delays between each. In other words, once an attack is made,
there is a finite time before the next attack. This is taken into
consideration in programming the survival and growth of anchovy
larvae feeding on different sized particles; the attack probabili-
ties are calculated as defined in the program diagrammed in
Figure 2.

The expected volume Vc of captured organisms will be

U
E(Vc) =N PA % PS(8) R(S) PC(5) V(S)
5=
where N < Nmax
Vv < TV .
c — max

When V(S) is the volume of organisms of size 5, the gross energy
return GE, will be

E(GEC) =N PA BS(S) R(S) PC(S) CAL(S)

TR

8=L

where CAL(S) is the calories per organism of size S and
N 2 Ny

<
%.. %%Lx

SZ = 45-55 um; 32 = 95-105 um

N = 10 strikes/min = 600/hr. = 7200/12-hr. day

max

1C(S) = constant for any length
PS(S]) = Pb(SZ) =1

N PA is calculated from Vlymen (1977) and is a function of
total concentration

TTC = O, + CZ where C

7 1, 10, 20, 30, 40, 50, 60, 70, 80,

1
90, 100, 200, and 300/ml and

¢, =0.001, 0.01, 0.1, 1.0 and 10.0/ml.

z
c C
1 _ 2
R(SZ) = 7o R(SZ) =70




338 R. LASKER AND J. R. ZWEIFEL

FOR
L=.4CM o __._.—BTF
N w0 oars o . —Clgm-mol

FOR
CALCULATE SURVIVAL SUCL = .10, .932 LOG(N + 4)
- .333, .30
PROBABILITIES, i.e.. o
Pr{at > 0)
CALCULATE ATTACK PROBABILITIES: on
ATTI + ATTP
PIO} =V - “gg 852 ¢l =0, .001, .01,
P[1] = (1 - PlOT)*C1/CI .10, 1.0, 10.0
P[2) = (1 - P[0])*c2/Cl 00
AE 3.3237],, .301
[ﬁm *L ]*" 1L
FOR
s €2 =0, 1, 10, 20, 30,
I AE = ENAV - ENOLT ' 40, 50, 60, 70, 80,
] 90, 100, 200, 300
ENOUT )

(ENOUTT + ENOUT2)
+

BMET
+
.29 ENIN CALCULATE IN ORDER:
¥ LOLM{1], uPLM[1],
| LOLM[2], UPLM[2],
ENOUTZ = 1.214*STEN"KE | Cl=Cl+c2,
cP, DI, DP.
ENOUT! = ENOUT = l
(ATTI + ATTP)*ENET | [6(GVOL/CI)*ENET*(C1/PVOL[1] + C2/PVOL(2] NPP = NEXIP(OP, L, CP)
espol] NIT = NEXIP(DI, L, CI)

f i l

NE = 43200*
CALCULATE [K ORDER:
8TFQ
BMET, STEN,
ENET, ENAV. l

_ NPP_® NE
ENIN = NP = PP ¥ NIT

ENIN =
1= CALP[1] , C1 *CALP[2
SUCL*(ATTI + ATTP) *TCAL s(c,voucx'(c—[+<1 . —ﬁ-l) _ONIL % KE
; PVOLLT PVOLLZ np = NIL 2 NE

6(GVOL/TVOL)> I ATTP = ATTACK(L, CP, NP)
*
SUCL¥(ATTL + ATTP) ATTI = ATTACK(L, CI, NI)

1 by

CALCULATE CALCULATE IN ORDER:
TVOL = (C1*PVOL[1] + C2*pvOL[2])/CI WN[1], cALP[1], PvOL[D],
and MMN[2], CALP[2], pvoL[2],
TCAL = (C1*CALP{1] + C2*CALP[2])/CI GVOL

Figure 2. Program modified after Vliymen (1977) for determining
survival and growth of first-feeding larval anchovy in various food
concentrations. Notation after Vlymen (1977) follows:
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L = larval anchovy length, 4 mm

N = 0, first day of feeding

T = 14.0°C

K = dispersion coefficient of 100.00, i.e. random distribution of prey

BTFQ = temperature dependent excursion frequency
SUCL = age dependent success of capture function

Cl = concentration of small prey
C2 = concentration of large prey
LOLM = lower prey concentration limits

UPLM = upper prey concentration limits
= interpatch concentration
CP = intrapatch concentration
= patch diameter
= intrapatch distance
NEXIP (D,L,C) = number of steps required to traverse distance D in
concentration of food particles C by larva of length L
NPP = NEXIP (DP,L,CP) = number of excursions a larva of length L will
require to traverse a patch of radius DP and
concentration CP
NIT = NEXIP (DI,L,CI) = number of excursions a larva of length L will
require to traverse an interpatch of radius DI
and particle concentration CI
NE number of excursions in 12 hours of foraging
NP = proportion of total daily foraging excursions spent in patches,
and NI = in between patches
ATTACK (L,C,N) calculates the number of attacks on prey made by an anchovy
larva of length L with N excursions in prey concentration C; NI,
attacks between patches; NP, attacks in patches
CALP = caloric value of particles
MMN = size of particles
PVOL = volume of particle

"

GVOL = maximum gut volume of larva of length L

TVOL = total volume of particles eaten

TCAL = total calories of particles eaten

SUCL* (ATT1+ATTP) = particles successfully attacked

NE = number of excursions; excursions at night = 0.214 NC
STEN = energy per excursion

ENIN = energy in, or daily ration of calories

ENOUT1 = energetic debt of attacks

ENOUT2 = energetic debt of 24 hours of swimming, i.e. 1.214*NE*STEN

BMET = temperature and length dependent basal metabolic debt for 24 hours
ENAV available energy or 0.48 ENIN

ENET energy of attack = 3 STEN
NIN = energy cost for mechanical processing of food

probability of no attack

probability of attack on small particle

probability of attack on large particle

(=]
(8]
w0
(LI B T2 2 B I 1}
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This simulation implies that the total number of particles in the
larva's environment governs the frequency of strikes. The larger
particles, even at their highest concentration, are ingested ran-
domly (non-selectivity). Technically, despite the highest concen-
trations of the largest particles (e.g., nauplii), these must be
taken very infrequently if the concentration of small particles is
so high that the larger particles rarely show up in the feeding
queue. Therefore, it is not the absolute concentration of the
large particles that govern their capture by the larva, but rather
their concentration relative to the larger number of small particles
in the larval environment. Tables 1, 3 and 5 show the results of
this simulation. A full discussion of these results is given in
the following section.

A second analysis (Tables 2, 4 and 6) is based upon the same
random arrangement of large particles among small particles, but

Table 2

Analysis of percent survival of anchovy larvae after the first day
of feeding in varying concentrations of organisms in two size
ranges: 45-55 and 95-105 pm at 14.09C and random distribution.
Attack rate is 10 per minute and success of capture is 107%. Energy
per each small particle is 4.236 * 10~5 cal. and for each large
particle is 4.523 % 10~4 cal. based on caloric content of
Gynmodinium s;.lendens (Vlymen, 1977) and a copepod nauplius,
respectively (Lasker, 1965).

Concentrations of Concentrations of 95-105 um particles/ml
45-55 um

particles/ml 0.00 0.001 0.01 0.1 1.0 10.0
0.0 0.0 0.0 0.0 0.0 0.0 31.0

1.0 0.0 0.0 0.0 0.0 0.0 30.0

10.0 0.0 0.0 0.0 0.0 0.0 34.7

20.0 0.0 0.0 0.0 0.0 0.0 41.1

30.0 0.0 0.0 0.0 0.0 0.0 47.5

40.0 0.0 0.0 0.0 0.0 0.0 54.1

50.0 0.0 0.0 0.0 0.0 0.0 60.2

60.0 0.0 0.0 0.0 0.0 0.0 66.2

70.0 0.0 0.0 0.0 0.0 0.0 71.6

80.0 0.0 0.0 0.0 0.0 0.0 76.6

90.0 0.0 0.0 0.0 0.0 0.1 81.0
100.0 0.0 0.0 0.0 0.0 0.5 84.7
200.0 0.1 0.1 0.1 0.1 1.4 62.9
300.0 0.1 0.1 0.1 0.1 0.7 40.5
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Table 3

Analysis of average growth in millimeters of anchovy larvae for the
first day of feeding in varying concentrations of organisms in two
size ranges: 45-55 and 95-105 um at 14.0°9C, a 20% capture success
rate and random distribution. Energy per each small particle is
4.236 % 1073 cal. and for each large particle is 4.523 % 10-%4 cal.
based on caloric content of Gymmodinium splendens (Vlymen, 1977)
and a copepod nauplius, respectively (Lasker, 1965).

Concentrations of Concentrations of 95-105 pm particles/ml
45-55 um

particles/ml 0.00 0.001 0.01 0.1 1.0 10.0
0.0 -0.08 -0.08 -0.08 -0.08 -0.07 0.07

1.0 -0.08 -0.08 -0.08 -0.08 -0.07 0.07

10.0 -0.07 -0.07 -0.07 -0.07 -0.05 0.08

20.0 -0.06 -0.06 -0.06 -0.05 -0.04 0.09

30.0 -0.04 -0.04 -0.04 -0.04 -0.03 0.10

40.0 -0.03 -0.03 -0.03 -0.03 -0.02 0.11

50.0 -0.02 -0.02 -0.02 -0.02 -0.00 0.12

60.0 -0.01 -0.01 -0.01 -0.01 0.01 0.13

70.0 0.00 0.00 0.00 0.01 0.02 0.14

80.0 0.02 0.02 0.02 0.02 0.03 0.15

90.0 0.03 0.03 0.03 0.03 0.04 0.15
100.0 0.04 0.04 0.04 0.04 0.05 0.16
200.0 0.06 0.06 0.06 0.06 0.07 0.13
300.0 0.06 0.06 0.06 0.06 0.06 0.10

the results are given in percent survival. Survival probabilities
are calculated from the frequencies with which the 49,852 excur-
sions (made by a larva in a 12-hour day) would end in an attack.
Vlymen (1977) has assumed that "awareness' or conditions for an
attack will occur when the number of particles within the visual
field, XK, is > 7 and calculated this probability to be:

PA =Pr(K >1) =1 - e(_xvpr)

where Vyy is the volume of the visual field = 0.015923 where L,

the length of the larva, is in centimeters and X is concentration
in number of prey per milliliter. The condition necessary for sur-—
vival is that the energy balance AF>0; the available energy is
calculated from the actual intake of #¥; small particles and Ny
large particles when food is limiting or from the maximum digesti-
ble volume of food estimated to be 6 * gut volume in a 12-hour day.
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Table 4

Analysis of percent survival of anchovy iarvae after the first day
of feeding in varying concentrations of organisms in two size
ranges: 45-55 and 95-105 um at 14.0°C and random distribution.
Attack rate is 10 per minute and success of capture is 20%. Energy
per each small particle is 4.236 % 10~ cal. and for each large
particle is 4.523 % 1074 cal. based on caloric content of
Gymmodinium splendens (Vlymen, 1977) and a copepod nauplius,
respectively (Lasker, 1965).

Concentrations of Concentrations of 95-105 um particles/ml
45-55 um

particles/ml 0.00 0.001 0.01 0.1 1.0 10.0
0.0 0.0 0.0 0.00 0.0 0.0 98.6

1.0 0.0 0.0 0.00 0.0 0.0 98.7

10.0 0.0 0.0 0.00 0.0 0.0 99.6

20.0 0.0 0.0 0.00 0.0 0.4 99.9

30.0 0.0 0.0 0.00 0.0 5.4 99.9

40.0 0.1 0.1 0.1 0.4 29.8 99.9

50.0 14.1 14.1 15.3 22.1 72.2 99.9

60.0 80.5 80.5 80.4 83.4 95.8 99.9

70.0 99.5 99.5 99.5 99.5 99.8 99.9

80.0 99.9 99.9 99.9 99.9 99.9 99.9

90.0 99.9 99.9 99.9 99.9 99.9 99.9
100.0 99.9 99.9 99.9 99.9 99.9 99.9
200.0 99.9 99.9 99.9 99.9 99.9 99.9
300.0 99.9 96.9 99.9 99.9 99.9 99.9

To simulate the conditions needed for survival (as opposed to
average growth shown in Tables 1, 3 and 5), the following conditions
must be met by the model: a) the energy balance is such that AE>0
(in Vlymen's notation ENIN-ENOUT), and b) the available energy is
the smaller of either of two quantities, ENIN = 0.48 [NJ CAL(S7) +
Ny CAL(Sy)] (i.e., the actual catch) or when food is not limiting,

Eny = St voture [CI CAL(S1)  Cy CAL(Sz)]

c7 + 0 V(s T TVisy)

For any realization k of a trinomial, the relative frequency
f(NO,k’ Ny, ks Ng,k) of obtaining ¥y g, Nj x and Ny  attacks on
particles is
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Table 5

Analysis of average growth in millimeters of anchovy larvae for the
first day of feeding in varying concentrations of organisms in two
size ranges: 45-55 and 95-105 um at 14.0°C, a 30% capture success
rate and random distribution. Energy per each small particle is
4.236 % 1073 cal. and for each large particle is 4.523 % 1074 cal.
based on caloric content of Gymnodinium splendens (Vlymen, 1977)
and a copepod nauplius, respectively (Lasker, 1965).

Concentrations of Concentrations of 95-105 ym particles/ml
45-55 um
particles/ml 0.00 0.001 0.010 0.1 1.0 10.0
0.0 -0.08 -0.08 -0.08 -0.68 -0.06 0.12
1.0 -0.08 -0.08 -0.08 -0.08 -0.06 0.12
10.0 -0.07 -0.07 -0.07 -0.06 -0.04 G.13
20.0 -0.06 -0.05 -0.05 -0.05 -0.03 0.14
30.0 -0.03 -0.03 -0.03 -0.03 -0.01 0.16
40.0 -0.01 ~0.01 -0.01 -0.01 0.01 0.17
50.0 0.00 0.00 0.00 0.00 0.02 0.18
60.0 0.02 0.02 0.02 0.02 0.04 0.19
70.0 0.03 0.03 0.03 0.04 0.05 0.20
80.0 0.05 0.05 0.05 0.05 0.07 0.22
90.0 0.06 0.06 0.06 0.06 0.08 0.23
100.0 0.08 0.08 0.08 0.08 0.09 0.24
200.0 0.11 0.11 0.11 0.11 0.11 0.19
300.0 0.11 0.11 0.11 0.11 0.11 0.1¢
N N N
N/ 0,k "1,k 2,k
flu , N s N, L) = 0 7 P PP >tp. 2
0,k 1,k 2,k NO,k' Nl,k' Nz,k' 0 7 2

where N = total number of excursions made by the larva (obtained
from tail beat frequencies),

=
it

N-N;-N, is the number of excursions in which no attacks

0 have been made,

Fi = probability of attack on small particles,

P2 = probability of attack on large particles, and
P = 1-Py-Py is the probability of no attacks.
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Table 6

Analysis of percent survival of anchovy larvae after the first day
of feeding in varying concentrations of organisms in two size
ranges: 45-55 and 95-105 pm at 14.0°C and random distribution.
Attack rate is 10 per minute and success of capture is 30%. Energy
per each small particle is 4.236 % 1072 cal. and for each large
particle is 4.523 % 10~% cal. based on caloric content of
Gymnodinium splendens (Vlymen, 1977) and a copepod nauplius,
respectively (Lasker, 1965).

Concentrations of Concentrations of 95-105 um particles/ml
45-55 ym

particles/ml 0.00 0.001 0.01 0.1 1.0 10.0
0.0 0.0 0.0 0.0 0.0 0.0 99.9

1.0 0.0 0.0 0.0 0.0 0.0 99.9

10.0 0.0 0.0 0.0 0.0 0.3 99.9

20.0 0.0 0.0 0.0 0.0 7.2 99.9

30.0 0.0 0.0 0.1 0.6 43.1 99.9

40.0 31.0 31.0 31.9 42.3 87.7 99.9

50.0 97.1 97.1 97.1 97 .4 99.5 99.9

60.0 99.9 99.9 99.9 99.9 99.9 99.9

70.0 99.9 99.9 99.9 99.9 99.9 99.9

80.0 99.9 99.9 99.9 99.9 99.9 99.9

90.0 99.9 99.9 99.9 99.9 99.9 99.9
100.0 99.9 99.9 99.9 99.9 99.9 99.9
200.0 99.9 99.9 99.9 99.9 99.9 99.9
300.0 99.9 99.9 99.9 99.9 99.9 99.9

The probabilities Py+P;+FP,; = I and the attacks plus no attacks
equal total number of excursions, i.e., NptNj+Ny = N.

To estimate survival over the first day of life, all
f(N , N s N, .) must be determined to satisfy
0,k> "1,k* "2,k

.48 (Nl,k CJ+N2,kcg)>EN0UT when N],k V1+N2,k V2 < 6igut volume
or
.48 (NJLE701+N2,k02)6*gut volume v
N, VA, T > ENOUT
1,k 172,k 2

where N],k V1+N2,k V2>6*gut volume.




GROWTH AND SURVIVAL OF ANCHOVY LARVAE 345

In addition, since the maximum strike rate is 10/minute, we
must impose the finite restriction that N;+N, < 12 (hrs.) * 60
(min/hr) * 10 (strikes/min) = 7200.

Although all of the N(N-I1) possible outcomes have a finite
probability of occurrence, the number of calculations can be sig-
nificantly reduced by considering only outcomes in the ranges:

- \/ - \V/ _
N PO m NN Pb (1 PO) < NO,k<N PO +m VN PO (1 PO)

-mfp (1- P)<zvZ <N P+ m WP, (1-F))

N P2 - m VN Fé (J—Fé) < szk<N Pz +m /N P2 (J—PZ)

where Ng x = N-Np % - N7 g and where m represents the number of
standard deviations and can be made as large as necessary. In this
calculation, m=4 so that the probability of any outcome falling
outside the range will be negligible except for the very lowest
particle densities; i.e., for estimating survival of say <0.01%.

The probabilities PO, PZ and P2 are determined as follows:

PO =1 - (ATTI + ATTP)/49,852 (Figure 2)
where PO is the probability of no attacks and

1 - Pp is the probability of attack on either large or small
particles, and AT77 + ATTP is the total number of

attacks.
CZ
Then PZ = (1 - PO) (Er~:j27ﬂ
1 2
C )
and P, = (1 - P ) (5——+ c, )
1
where C] = concentration of small particles,
C,, = concentration of large particles.

2
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RESULTS OF SIMULATED FEEDING BY FIRST-FEEDING ANCHOVY LARVAE

Minimum survival by first-feeding anchovy larvae to a second
day of feeding depends on threshold concentrations of small parti-
cles and not on the presence or absence of large particles. From
Tables 2, 4 and 6, large particles can be seen to enhance survival,
but even in the highest concentration of large particles ever
recorded from the Northern anchovy larva's environment, about
0.3/ml, and with capture success set at the highest level possible
(30%), anchovy larvae can neither grow nor survive the first day
of feeding on a diet of large particles alone. A probable food
environment that the larva encounters is a proportion of small to
large food particles of 30:0.1 or 30:0.01 per milliliter. At 30
small particles per milliliter, no anchovy larvae will survive the
first day (Table 6). Only when large particles become prevalent
at this low concentration of small particles, i.e., when there are
between 0.01 and 0.1/ml or 10 to 100 per liter, is there a small
increase in survival, although average growth remains negative.
However, the difference in growth and survival is striking when
the larva has in its immediate enviromment 40 small particles per
milliliter instead of 30. Survival in this instance is increased
to 31% and large particles make little difference even in concen-
trations as high as 0.1 per milliliter. Above 0.1 per milliliter
(100/L) of large food particles, survival becomes greatly enhanced
as long as 40 small particles per milliliter are also present. At
concentrations greater than 10/ml, the distance of a first—feeding
larva from its nearest possible food item is within its perceptive
field, 2.7 mm (Hunter, 1972). The distance at 30 and 40 particles
per milliliter are 1.78 to 1.62 mm, respectively (Gallagher and
Burdick, 1970). This may be a critical range for the larva.

It is clear from the simulation of a 107 capture success rate
shown in Tables 1 and 2 that under virtually all concentrations and
combinations of food, a concentration of nauplii not yet seen in
the sea, 10/ml (10,000/L), is needed to insure reasonable survival
to the second day of feeding. At 20 and 30% capture rates, there
is good agreement with the experimental data of 0'Connell and
Raymond (1970) who found that there was good survival of young
anchovy larvae at naupliar concentrations of 4000/L, also abnor-
mally high when compared to concentrations found in the ocean.

P. E. Smith (personal communication) believes that survival
after the first day of feeding, as deduced from field collections,
can be as high as 75%. This value is encountered in this simula-
tion in concentrations of prey frequently found in the sea in
dinoflagellate blooms (i.e., where small particles are between 40
and 50/ml) and emphasizes the importance of spatial and temporal
aggregations of food patches in the larva's environment.
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When the capture success rate is low (10%, Tables 1 and 2),
this increases the negative aspect of having large numbers of
small particles available to the larva. It is evident that the
larva is so occupied by attacks on energy-poor particles and that
it rarely encounters and cannot capture enough large, energy-rich
particles at this low capture success rate to survive or grow
through the first day of feeding.

Tables 3 and 4 illustrate the results of an intermediate
capture success rate, 20%. Positive growth is only achieved when
70-80 small food particles per milliliter are available (Table 3)
and there is very little to be gained by having large particles
in the environment unless they are in hundreds per liter. Survival
(Table 4) is achieved at much lower concentrations of small parti-
cles with the critical value about 50/ml. Survival enhancement by
large food particles occurs in this simulation when 10-100/L of
these are present coincidentally with the larger number of smaller
particles.

THE RELATION BETWEEN PHYTOPLANKTON AND ZOOPLANKTON SPATIAL
DISTRIBUTION AND LARVAL ANCHOVIES IN THE SEA

It is logical to inquire to what extent the concentrations of
small and large food particles needed for adequate survival and
growth of first-feeding anchovy larvae are found in the Northern
anchovy spawning ground during the spawning season, December through
March.

Phytoplankton

In 1974, Lasker (1975) found that chlorophyll maximum layers
occasionally contained particle densities which could provide good
feeding for first-feeding anchovy larvae. For example, in a series
of stations along the California coast near Los Angeles, the densi-
ties of the dinoflagellate Gymodinium splendens induced feeding by
first—-feeding anchovy larvae (on shipboard) at concentrations from
34 to more than 300 per milliliter. Gymmodinium was present as an
apparently continuous patch which extended along the coast approxi-
mately 100 kilometers. An important observation was that stormy
conditions were found to disrupt these layers and reduce the mini-
mum densities below threshold levels for larval anchovy first
feeding.

In a later study, Lasker (1978) reported on an extensive sur-
vey made along the California and Baja California coasts in 1975
where he sought to detect areas of anchovy spawning where particle
densities were above minimum thresholds for first-feeding larval
anchovy. He found a remarkable patch of the dinoflagellate
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Gonyaulax polyedra extending from at least Point Conception to the
Mexican border, a distance of 300 kilometers. The seaward extent

of this very large patch ranged from a few kilometers in December
1974 to 40 kilometers in January 1975; the latter extending across
the Southern California Bight from the mainland shore to the Channel
Islands.

The vertical distribution of dinoflagellate patches has been
studied from time to time. Sharp chlorophyll maxima coincide with
dinoflagellate maxima but, with current sampling gear, these patches
seem to be many meters thick. However, Kiefer and Lasker (1975)
analyzed the vertical migration of Gummodiniwn splendens populations
and got very sharp chlorophyll maxima only 1 to 2 meters thick
(Figure 3). Visual sightings of dinoflagellate blooms at the sur-
face often give the familiar red or rust color of a "red tide."

In 1976, the rich Peruvian upwelling system experienced a vast
bloom of Gymnodinium splendens which became so dense in some places
that hydrogen sulfide was produced when the organisms died. 1In
Peru this phenomenon is known as "aguaje' and extended from Pimental
to Matarani, a distance of 2,000 kilometers, in a more or less
continuous patch (B. Rojas de Mendiola and J. Valdivia of the
Instituto del Mar del Peru, personal communication).

In 1975, when Gonyaulax polyedra was the dominant particle in
the feeding size range of first-feeding anchovy larvae and
Gymmodinium splendens similarly dominated the Peruvian upwelling
system, it is tempting to speculate that Frnograulis mordaxr first-—
feeding larvae ate Gonyaulax in numbers off California while the
Peruvian anchovy first-feeding larvae, Engraulis ringsis, were
eating Jymnodiniwm. In the former, because of the poor nutritional
value of Gonyaulax, a poor year class would have been expected
while in the latter we would have expected to see a good year class.
Complicating the Gonyaulaxr situation in 1975, however, was the fact
that a massive upwelling in the midst of the anchovy spawning sea-
son destroyed the patches of Gonyauloxr and in fact severely reduced
particle concentrations below the threshold needed for gut filling
and metabolic needs of first-feeding larvae. 1Indeed, the 1975 year
class of the Northern anchovy was very poor compared to other years
(Sunada, California Department of Fish and Came, personal communi-
cation) while the Peruvian anchovy showed a resurgence from previous
low levels in its 1975 year class. While these are at present only
single observations, they suggest that it may be worthwhile to
investigate both particle densities and distribution and nutritional
content of larval anchovy food tov forecast whether a recruitment
will be successful or not. Microzooplankton concentrations never
exceeded 30 per liter in hundreds of samples taken during 1974 and
1975 in the California studies described above.
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Zooplankton

When food is found in anchovy larvae intestines, it usually
consists of copepod nauplii, copepod eggs and a variety of simi-
larly small microzooplankters, regardless of where the anchovy
population is found*. Yet, as we indicated before, the sampled
densities of these potential food organisms have always seemed to
be too low to maintain engraulids. This conflicting evidence leads
one to believe that patches of microzooplankton may be prevalent
in productive areas where anchovies are found, but present sampling
gear underestimates the concentration factor. On occasion, when a
sample of water is discovered to have a large number of nauplii or
other microzooplankters, the sample, when retaken in the same
place, does not duplicate the results. However, on one occasion,
Lasker (1978) showed that in samples containing over 100 micro-
zooplankters per liter taken 0.8 km apart, i.e., 2 and 2.8 km from
the California shore, there was a remarkable coherence in the
numbers and size distribution of copepod nauplii and post-naupliar
copepods (Figure 4). This duplication indicated that a patch of
at least 0.8 km in linear extent offshore was sampled despite a
prevailing along-shore current. It should also be noted that
motile phytoplankton food reproduce on an hourly or daily scale
while nauplii are a stage in a copepod life cycle of several
weeks. The predation on copepods by a major fish population like
the Northern anchovy could cumulatively have a marked depressant
effect on the local abundance of nauplii.

The point we wish to make is that temporal and spatial sta-
bility of the ocean is a prerequisite for successful feeding by
clupeid larvae. Food organisms must have time to aggregate and,
once patches are formed, they must have a sufficiently long life
to permit larval fish feeding. However, it is much more likely
that there will be aggregations of small particles than large ones
and this in turn favors first day larval survival and growth.

The model described here to determine adequate feeding of
various size particles for first-feeding anchovy larvae can be
extended to older larvae as Vlymen (1977) has shown in his analysis
of the effect of prey microdistribution to larval anchovy growth.

*Most of the anchovy larvae examined have no food in their intes-
tines. Whether this is due to rough treatment in plankton nets,

to the severity of the usual Formalin preservation, or is the normal
situation in the sea is not known. Kjelson et al. (1975) have
shown, however, that menhaden larvae lose much of their gut con-
tents with rough laboratory handling equivalent to field capture.
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We know from the simulation presented in this paper that the enigma
presented by the lack of reasonably large numbers of nauplii in the
sea for larval anchovy food may be explained because the larvae
don't need them, nor do the larvae encounter them with a sufficient-
ly high frequency for these large particles to make more than a
token contribution to survival and growth on the first day of
feeding.

SUMMARY

Based on laboratory and field data, a simulation model of
first-feeding anchovy larvae, Engraulis mordaxr, was constructed
to investigate the effect of different prey size on survival and
growth. TFirst-feeding, naive anchovy larvae must depend almost
entirely on small particles (ca. 45 um diameter) for early survival,
despite their ability to capture large particles. The absolute
concentration of large particles (ca. 90 um diameter) does nct
govern their capture by the larvae; rather, the more numerous small
particles distract the larvae from capturing large particles.
Simulation shows that a 10% prey capture efficiency will not suf-
fice for survival or growth and that, at higher capture efficien-
cies (20-30%), there is a threshold of 30-50 small particles per
milliliter needed for substantial survival and growth. Large
particles, e.g., copepod nauplii, can enhance survival when they
reach concentrations between 10 and 100 per liter in the same
environment containing above-threshold numbers of small particles.
An important distinction is made between survival and average
growth; it is shown that larvae may survive in significant numbers
in feeding regimes in which the average growth for the population
is negative. These results are discussed in relation to actual
field data from the spawning ground of the Northern anchovy.
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