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ABSTRACT 
The visual feeding threshold and action spectrum of 

IO-  15-mm northern anchovy larvae were determined. 
using as criterion the incidence of two or iiiorc rotifers 
in  the guts of 50% of larvae tested under dift'crcnt 
spectral irradiances. The threshold sensitivity to 
broadband blue-green light is at 0.15 KWcm '=0.61 
lux. The action spectrum shows a iiiaxiniuni in the 
green wavelengths around 530 nni :  thc weighted 
threshold irradiances at various wavclcngth bands 
converge at a mean value of 0.14 KWcm 

The visual abilitieb of the anchovy allow them to 
feed at a depth of 74 III at noon on clear days. and at 
the surface during twilight and bright nights, and 
appear to be well adapted to the anchovy's habitat in 
turbid, greenish coastal waters. Comparisons with 
younger anchovy larvae show that changes in visual 
function accompany changes in eye and retinal nior- 
phology, specifically the recruitment of rods. More- 
over, 10-15-mm anchovy larvae can feed to a limited 
extent (10%) in the dark when food densities are high 
(20-40 rotifersiml). In  March, which is the peak 
spawning season of the anchovy in southern California 
and Baja California, the 10-15-nim larvae have 13 
hours each day to feed. 

RESUMEN 
Se determina en larvas de Engr0uli.s rnordnx 

(anchoa) de 10-15 mm. de longitud, el umbral de visi- 
bilidad para capturar alimento y la acciSn del espectro. 
usando como criterio la incidencia de dos o ink  
rotiferos en el tubo digestivo del 50% de las larvas 
sometidas a estudio bajo diversas condiciones espec- 
trales de radiacion. La sensibilidad del umbral en la 
amplia banda de la luz verde y azulada be encuentra a 
10s 0.15 KWcm-' =0.61 bujias. La accion del espec- 
tro senala un miximo en las longitudes de onda de la 
banda verde, alrededor de 10s 530nm: la estimacih 
del umbral de la anchoa en bandas de distinta longitud 
de onda,  converge en un valor rnedio de 0.14 
pWcm '. 

La anchoa time una habilidad visual que le permite 
capturar alimento a una profundidad de 74 m.  al 

.,,, L h  c l t .  

mediodia en dias despejados, y en la superficie del 
mar al atardecer y en noches claras. AI parecer las 
anchoas se adaptan bien a su habitat de aguas costeras 
verdosas y turbiah. Comparacioncs cfectuadas con lar- 
vas de anchoa inCs jovenes. indican que 10s carnbios 
en la funci6n visual corresponden con las variacioncs 
en la niorfologia del ojo y de la retina, especialnicnte 
con la incorporacih de lo5 bastones. Las larvaa de 
anchoa de 10-15 mm. de Iongitud, pucden 
al inmtarse .  con ciertas limitaciones (10%) e n  la 
mcuridad, cuando la densidad del alimento en el habi- 
tat es elevado (20-40 rotiferos por n i l . ) .  En el Sur dc: 
California y Baja California. el miximo de puesta de 
la anchoa se produce en Marzo. y entonces las larvas 
de 10-15 nim. de longitud disponen de 13 horas 
diarias de luz,  que es suficiente para capturar el 
alimento. 

.INTRODUCTION 
In this paper we determine the visual threshold and 

action spectrum of 10-15-mm northern anchovy (En- 
gruulis rnordux) larvae, and consider some implica- 
tions of their feeding ecology. Studies on morphology 
and behavior have shown the importance of vision to 
anchovy (O'Connell 1963; Loukashkin and Grant 
1965; Schwassmann 1965; Hunter 1972). At hatching, 
anchovy larvae are nearly transparent and have neither 
functional eyes nor jaws. O'Connell(198 1) found that 
the oculomotor muscles differentiate at 3.5 mm SL; 
the photopic system is functional when feeding starts 
at 4 mm; and an area temporalis is present at 5 mm. 
The lens retractor niuscle appears at 7 mni, and the 
rods at 10 mm. These developments indicate that an 
early feeding anchovy larva has a well-defined visual 
axis, good eye mobility, and binocular vision. The 
ability to accommodate to greater distances increases 
the perceptive field for feeding, and the recruitment of 
rods with commensurate increase in visual sensitivity 
increases the time that perception of food (and preda- 
tors) is possible. Thus 10-mm anchovy can be ex- 
pected to be more visually adept than 6-nim larvae. 
The ontogeny and maturation of sensory and locomo- 
tor systems and behavior patterns are important ele- 
ments in  larval survival (Hunter 1976a, 1977, 1981). 

The visual threshold and action spectrum were de- 
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termined to find out whether the morphological 
changes described above resulted in changes in visual 
function, and to obtain a basis for estimating the daily 
feeding period of larvae at sea. 

MATERIALS AND METHODS 
Anchovy larvae were reared at 16.5"- 17.S"C from 

eggs spawned in the laboratory (Hunter 1976b; Leong 
1971). Larvae grew to I O  mm in 3 weeks and then 
were transferred from the 300-liter rearing tank to 10- 
liter black plastic pots (30 cm dia, I O  cm deep). with 
20-40 larvae in each pot. They were covered and kept 
in complete darkness for at least 12 hr to allow the 
guts to clear and the larvae to acclimate. Rotifers 
(Brachionus plicatilis) were used as prey because they 
are similar in size (180 k m )  and optical density to 
most zooplankton and are easily cultured. Initially, we 
assumed that anchovy larvae could not feed in the 
dark, and the rotifers were added 12 hr before the tests 
at densities of 20-30/mI. When it  became clear that 
some larvae could feed in the dark, the rotifers were 
added to the pots and dispersed just before the tests. 

The apparatus, set i n  a darkroom, consisted of a 
completely sealed black box with three compartments, 
and three slide projectors (Kodak 600H with 127-mm 
f/2.8 lens with multimirror lamps GE ELH 300W, 
12OV) as light sources mounted 3 m away on the 
opposite wall (Figure 1) .  The three projectors were 
used simultaneously, their light beams isolated from 
each other by means of black cloth tubes. Slots in 
front of the lens held the various filters. In tests to 
determine the visual feeding threshold under broad- 
band blue-green light, we used a green glass filter 
(Schott BG-18) in combination with a I-cm-thick 
glass cell filled with 5% copper chloride (CuCI?) solu- 
tion to approximate the spectrum at 20-m depth in 
waters with 0.8 mg Chl a m-3. The color filters used 
for the action spectrum treatments were glass-mounted 
Kodak Wratten gelatin filters that selectively transmit- 
ted wavelength bands 60 to I I2 nm wide with varying 
peaks (Table 1; Figure 2). Kodak neutral density 
absorption filters, calibrated with the spectroradio- 
meter, were used to reduce intensities in logarithmic 
steps, nominally -0.5, - 1 .O, and - 2.0. 

A spectroradiometer (Optronic Laboratories 74 I V)  
interfaced with a Hewlett-Packard calculator-plotter 
was used to measure the spectral irradiance from 362 
nm to 800 nm of each color filter at the level of the 
water surface of the test pots. This instrument was not 
sensitive to irradiance levels lower than the maximum 
projector output through each color filter; consequent- 
ly, lower test irradiances were computed from the 
energy integral of the color filter multiplied by the 
transmission ratios of the neutral-density filters used. 

TABLE 1 
Filter Characteristics 

Peak 
wavelength Bandwidtha Irradianceh 

Filters (nm) (001. in nm) (uWcm 3 
Kodak Wratten 
IXA + CuCIy 370 334 to 402: 68 0.80 

47B 440 3x6 to 4YX: I I2 15 22 
75 485 4% to'540: 82 8.XI 
74 530 502 IO 582.  80 I I .53 
73 570 552 10612: 60 3.46 

728 600 582 to 650. 6X 5 20 
Schott 
BG-18 + CuCL 540 380 tu 632. 252 153.0 

" Thc uavelength range (if the 1 %  handuidth i s  identified as that ponionof 
the spectrum \panned and a5 i t s  width (in nm). 
' Meanc (without neutral denfity filter\) of 9 measurements for each color 

liiter and 20 for BG-IX 
CuCI, (copper chloride. cell) wa\ uhed t o  reduce the tran\mi\\ion of red 
uavelength\ from the projector lamp. 

In this paper the feeding response is expressed as a 
function of irradiance (in pWcm-2), the amount of 
energy that a unit surface of water intercepts from the 
light source directly above i t ,  integrated over the 
wavelength band. To compare our results with those 
in the literature, we converted these into photometric 
units (lux) by weighting the spectral irradiances of the 
filters (Figure 2 )  against the standard luminosity curve 
for the human eye. 

Eight treatments with eight filter combinations were 
made in one day, together with a bright control and a 
dark control. A bright control was exposure of larvae 
to unattenuated blue-green light from the projector 
(average irradiance at the water surface 153 FWcm-'); 
whereas a dark control was completely sealed from 
light. Treatments consisted of exposure of 10-20 
healthy 10-15-mm larvae and about 20-30 rotifers/ml 
to various spectral irradiances for 1.5 hr. After this 
interval and with the use of a small flashlight, we 
poured the larvae onto 300-km plankton net filters; 
this almost instantly removed the larvae from water 
and minimized if not totally prevented defecation. The 
larvae were then spread on a glass slide. The gut con- 
tents were counted under a dissection microscope, il 
relatively easy operation given the larvae's transparent 
bodies and straight guts. The larvae were scored posi- 
tive for incidence of two or more rotifers in the gut. 
The feeding incidence was used as measure of the 
larvae's response to differences in prey visibility. 

Early in the experiment, we noted that the guts of 
10- 15-mm anchovy larvae in dark controls were not 
always empty but that 14.5% of them contained one or 
more rotifers. This observation ran counter to results 
under similar conditions for younger (6 mm) larvae 
(Hunter. unpublished data) and needed to be verified. 
Groups of 20-40 larvae were transferred into pots, 
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Figure 1 Apparatus for,deterrninlng the visual thresholds for feeding 01 10-15-rnrn anchovy larvae 

given or not given rotifers, then kept in darkness for 
different tirnc intervals (from 30 mill to 27 hr) and 
subsequently examined for incidence of food in the 
guts. 

In the analysis of the light experiments, we adjusted 
the feeding incidence percentages for what turned out 

to be 10% feeding incidence in the dark (using the 
criterion of two or more rotifers/gut). Data were sub- 
mitted to probit analysis (Finney 1971) to determine 
the irradiance for the 50% feeding thresholds (Rd, 
under various spectral compositions of light. These 
FTs0's were used to draw the action spectrum. 
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370 410 450 480 530 570 610 650 690 

WAVELENGTH Inm) 

Figure 2 The spectral irradiance of the color filters used in the experiment 
Filters used are given at top of each curve All are Kodak with the exception 
01 the Schon BG-18 BG-I8 + CuC1, IS the filter used lor the broadband 
blue-green light treatments The other filters are color filters with maxima 
(from len to right) of 370 nm. 440 nm. 485 nm. 530 nm 570 nm 600 nm 620 
nm. and 660 nm The irradiance below 362 nm in 1BA IS estimated from the 
curve drawn by eye (dashed) 

RESULTS AND DISCUSSION 

Visual Feeding Threshold under Blue-Green Light 
Under bri ht control conditions, average irradiance 

tests, 475 larvae). This irradiance was equal to that in  
the rearing tank (150 pWcm-’1, where all larvae fed 
optimally. In most tests, the larvae were gorged with 
rotifers. The intestines must be very distensible be- 
cause we once counted 240 rotifers in one gut, many 
still alive. Usual counts of full guts ranged from 20 to 
100 rotifers per larva. 

Figure 3 shows plots of the feeding incidence under 
blue-green light at eight log irradiance levels. The two 
graphs illustrate how the probit transformation linear- 
izes the sigmoid relation. The probit regression line 
indicates that the 50% feeding threshold (IT,,,) under 
blue-green light is 0.15 FWcm-’, which is equal to 
0.61 lux. This value is about one-tenth the threshold 
irradiance required by 6-mm larvae (FTSO = 1.6 
pWcm-’ = 6.5  lux; Hunter unpubl.). Thus 10-15- 
mm larvae with both rods and cones are ten times 
more sensitive to prey than the 6-mm-larvae with 
cones only. This difference is probably even greater, 
because the criterion used for positive response was 
one or more rotifers per gut in the latter, whereas we 
used a criterion of two or more per gut. 

This ten-fold increase in visual sensitivity, based on 
the feeding response, of IO-15-mm anchovy relative 
to 6-mm larvae is very probably related to the recruit- 
ment of rods and not to improvements in feeding etfi- 
ciency. The feeding success of anchovy larvae does 

153 FWcm- 9 , nearly all larvae fed (97.4 * 1.7%, 36 

not change much as they grow from 6 mm to 10-15 
mm (Hunter 1972). The proportion of time spent 
searching for food and the maximum ingestion rates of 
6-mm larvae differ little from those of 10-15-mm lar- 
vae. The improvement in visual sensitivity may also 
be duc to other developmental changes in the retina, 
including increase in the number of visual cells and 
neural connections, the differentiation of the retractor 
lentis. and greater production of visual pigments. 

The visual feeding threshold of anchovy larvae is 
similar to the thresholds of other fish larvae (Table 2 ) .  
Some variability in the thresholds exists, depending 
on the species; the criteria used: the age of the fish 
(length. presence of rods, degree of motor de- 
velopment); and the type. visibility, and size of prey. 
Prey density affects feeding thresholds. but few of the 
studies enumerated gave the densities used. 

A more direct comparison between the thresholds 
for anchovy and herring can be made. Blaxter (1966) 
detected 10% feeding incidence for 12- 14-mm herring 
at 0.13-0.19 lux. The probit regression line (Figure 3) 
can be used to estimate the irradiance level at 10% 
feeding incidence in IO- 15-mm anchovy larvae, and 
this is pWcm-2 or 0.0004 lux. It thus seems 
that anchovy larvae are at least 100 times more sensi- 
tive than herring larvae of similar size. More accurate- 
ly perhaps, anchovy larvae at 10-15 mm are more 
advanced developmentally than are herring larvae at 
12-14 mm. The adult northern anchovy may have 
even greater sensitivity than the larvae, considering 
the special characteristics of its retina and eye (O’Con- 
nell 1963). At zero feeding incidence (Figure 3), the 
irradiance is equivalent to about IO-’ lux, which may 
be close to the absolute threshold of anchovy rods. 
Protasov ( I  964) found that the threshold light sensitiv- 
ity of the adult Mediterranean anchovy (Engrmlis en- 
crtrsicholus) as determined by the electroretinogram is 
at I O  l u x .  

Action Spectrum for  Feeding 
Figure 4 shows the feeding incidence under differ- 

ent spectral conditions plotted on probit scale against 
log irradiance. The 50% feeding threshold irradiances 
(FT,,,’s) are indicated. The lowest irradiance that eli- 
cits 50%’ feeding occurs around 530 nm, whereas 
much more energy is required around 370 nm and 660 
nrn. The 95% confidence intervals (horizontal bars) of 
the FTso’s cover about one order of magnitude, except 
for the two extreme wavelength bands. In the latter, 
larger errors occurred because the 50% feeding 
thresholds had to be extrapolated beyond the range of 
data (as indicated by the dotted portions of the regres- 
sion lines for 370 nm and 660 nm in Figure 4). This 
was because the apparatus did not produce sufficient 
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Figure 3 The incidence of feeding (percentage of larvae with two or more rotiters in the gut) under various irradiance levels of blue-green light FT, is the 50% 
feeding threshold, the horizontal bar indicates the 95% confidence interval using probit analysis (Finney 1971), N. the number of tests In both graphs, the abscissa 
is on log scale. the ordinate is on linear scale in A and probit scale in B (with probit values given at the right ) The equation gives the regression of y = probit value on 
x = log irradiance 

TABLE 2 
Visual Thresholds for Feeding in Fishes 

Criteria Prey Author Species Length stage Feeding threshold 

Nonhern anchovy 

Herring 

Plaice 

Cod 

Jack mackerel 

Pacific salmon 

6 mm 
10-15 mm 
12-14 mm 
12-14 mm 
13-17 mm 

13-17 mm 

90-100 mni 

6 mm 

9-15 mm 

6 mm 

4-5 mm 

93-143 mm 

93-143 mm 

Young 

Fry/smolt 
Fryismolt 

6 5 lux 
0 6 lux 

0 13 lux 
0 19 lux 

0 02-0 09 lux 

0 10-0 I8 lux 

0 036-0 007 lux 
1-10 lux 

001 lux 

001-1 lux 

0 1-0 4 lux 

6 X 10 ' ft-L 

6 X I O  ' ft-L 

I O  It-c 

50% larvae with R 3 I  
50% larvae with R r 2  

10% feeding incidence 
IO% feeding incidence 
Number of prey taken 

extrapolated to zero 
Number of prey taken 

exlrdpoiated to Lero 
Cessation of feeding 
Feeding index reduced 

to I070 
Feeding index raised 

above dark level 
Feeding index reduced 

io zero 
0 feeding incidence 

Incidence of prey 
in fish gut 

Incidence of 50% of 
prey taken in light 

50% available prey 
eaten 

Brachionus 
Brachionus 

Arremiu 
Bulunus 
Arremiu 

Bulunus 

Squid 
Artemiu 

Arremiu 

Arremiu 

Arremiu 

Arremiu 

Arfemru 

Hunter (unpubl) 
This study 

Blaxter (1966) 
Blaxter (1966) 
Blaxter (1968a) 

Blaxter (1968a) 

Blaxter (19M) 

Blaxter (1968b) 

Blaxter ( 1968b) 

Blaxter (1969) 

Ellensen 
et ai. (1980) 

Hunter (1968) 

Hunter (1968) 

Brett and Groot 
(1963) 

Dupkniu 
~~ 

Daphnia Ah (1959) 
Daphniu Ali (1959) 

ft-c Feeding extinguished 
0.1-1 ft-c Feeding reaches maximum 

R is the number of rotifers in the guts of anchovy larvae; I ft-c = 10.764 lux; under scolopic conditions. fl-c approximately equal to fl-L. 
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Figure 4 The incidence 01 feeding (Percentage of larvae with two or more rotifers In the gut) under various wavelengths and irradiance levels The filter name and 

peak transmission wavelength are given at the top left-hand corner FT, is the 50% feeding threshold usmg problt analysls (Flnney 1971) (the horizontal bars 
indicate the 95% conlidence Intervals). N. the number of tests All graphs are on logarithmic scale abscissa and probit scale ordlnate (problt values at the nght) 
Equations give the regression 01 y = probit value against x = log irradiance The corrected FT, for 18A IS 27 7 WWcm ', and lhls value was used in the action 
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energy to induce a 50% response at these 
wavelengths. The higher uncertainty at the extreme 
wavelengths should not detract from the overall 
accuracy of the action spectrum. Since the eye is 
essentially a log receptor, 2 Yz log unit for most 
points is adequate precision. 

Spectral sensitivity is usually expressed as the re- 
ciprocal of the threshold radiant energy. In Figure 5 ,  
we plot IIIT,, in pWcm ', as we11 as in equivalent 
liphoton units, to give the spectral sensitivity curve of 
10-15-mm anchovy larvae. The number of photons at 
threshold level was obtained by multiplying the JT5(, 
by the number of photons per erg at the peak 
wavelength (Withrow and Withrow 1956). The sensi- 
tivity curve in photons is displaced relative to that in  
energy units because the energy content per photon is 
higher in the short than in the long wavelengths. 
Either curve can be considered as the action spectrum 
of IO-15-mm anchovy for feeding on translucent prey; 
peak sensitivity occurs at 530 nm. The relative sensi- 
tivity coefficients are indicated on the leftmost scale in 
Figure 5. 

The anchovy action spectrum peaks decidedly in the 
green part of the spectrum-between 510 nm and 550 

1 
350 400 450 500 550 600 650 

WAVELENGTH tnml 
Figure 5 The action spectrum of 10-15-mm northern anchovy larvae lor leed- 

ing on translucent prey, based on the reciprocals of the 50% feeding 
lhreshalds in energy and photon terms (glven on log scales inslde the 
graph) The leftmost log scale on the ordinate IS the relative sensitivity of the 
anchovy at various wavelengths when the peak sensftivity at 530 nm is set 
equal l o  1 0 and those at other wavelengths normalized accordingly 
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nm. Northern anchovy are distributed off California 
and Baja California close to the coast. California wa- 
ters transmit maximally in the green (Tyler lY61, 
1964; Kampa 1961; Hobson et al. 1981). The larvae's 
increased sensitivity to green makes their environment 
appear relatively brighter and their prey easier to de- 
tect by contrast. The action spectrum obtained in this 
study may be applicable to most natural prey (primari- 
ly copepod nauplii to adults): like rotifers, they are 
often translucent. 

Based on the FTso's, the action spectrum may be 
attributed to the rods, with some contribution from the 
cones. Most of the test irradiances were low (with 
energies quantitatively less than the blue-green light 
threshold), and in these the cones of the dark-adapted 
larvae were probably never activated. In  the higher 
irradiance tests, both rods and cones may have been 
activated. The slopes of the probit regression lines for 
the various wavelength bands (Figure 4) were not 
homogeneous ( F =  3.60, P =  0.001. k = 7 ,  DF= 2 15) 
as they would have been if the response were due to 
only one visual system (rods only). Moreover, com- 
parison of the northern anchovy larval action spectrum 
with the scotopic (with maximum at 500 nm) and the 
photopic (with maximum at 560 nm) ERG spectral 
curves of the adult Mediterranean anchovy (Protasov 
1964) shows that it lies between the two values. The 
same is true in comparison with human luminosity 
curves. This also seems to indicate that the anchovy 
action spectrum for feeding has both rod and cone 
components. 

If the form of the action spectrum were accurate, 
the energy at the 50% feeding incidence level would 
be the same value for all the spectral irradiances when 
these are weighted by the action spectrum. As a rough 
test of the action spectrum, we calculate: the irra- 
diance in anchovy effective units (FWcm -anch by 
weighting the spectral irradiances of the various filters 
(Figure 2) using the anchovy action spectrum (Figure 
5 )  and adjusting the 50% feeding thresholds. The 
weighted thresholds range in value from 0. I O  to 0.17 
KWcm 'anc), e f f  and average 0.14 F w c m  Zdnch elf 

(Table 3). These tests are interesting but are not inde- 
pendent because the eight color filters were used to 
estimate the action spectrum. An independent test of 
the action spectrum for predicting 50% feeding inci- 
dence under different spectral irradiances is to convert 
the 50% threshold estimated under the broadband fil- 
ter combination (BG-  18 + CuCI?)  to anchovy 
effective units by weighting the spectral irradiance of 
the broadband filter by the anchovy action spectrum 
and comparing the results to the thresholds estimated 
for the other filters. Since the broadband filter was not 
used to estimate the action spectrum, this procedure is 

TABLE 3 
Comparison of the 50% Feeding Thresholds (FT,,) under 

Different Spectral Conditions and Weightings 

Peah wave- 
length (nrn)' 

370 
440 
48.5 
530 
570 
600 
620 
660 

Blue-green 
(broddband) 

Ratiob 

0 0060 
0 10.53 
0 3428 
0 8678 
0 3931 

0 0348 
0 0139 
0 SOY2 

0 1358 

50% leeding thre\hold 

Unweighted FT5(, Weighted FTv LUX 

27 7 0 1662 
I 4') 0 156') 
0 s4 0 1851 
0 I 3  0 1128 
0 34 0 1336 
0 73 0 09') I 

10 45 0 1451 
0 15 0 0764 

4 I Y  0 14sx 

43.21 
2.7Y 
I .S4 
0 79 
2.04 
2.70 
8 38 
I I .09 
0 61 
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,'Peak of the spectral irradiance\ o f  the filters (Figure 2 )  
hFraction o f  the filter spectral inadiance effective lor anchuvy lecding 
(obtained by weighting ihr  Iormer against (he anchovy action spectrum). 

'The ratio in column 2 times the 50% feeding thresholds (Figure 41 giver 
the irradiance in anchovy effective units pWCm ' 

an independent measure of the accuracy of the action 
spectrum. Under the broadband filter the 50% feeding 
incidence threshold, in weighted units, was 0.076 
p w c m ~  ' anch C , r r  which is different by only a factor of 
2 from the average value for the other color filters 
(Table 3). Certainly this level of accuracy seems 
good, considering that the confidence interval around 
any point in the action spectrum was about an order of 
magnitude (Figure 4). This test indicates that the ac- 
tion spectrum obtained is a reliable predictor of the 
wavelength dependency of the feeding performance of 
anchovy larvae. This also means that, with an uncer- 
tainty of 2 X , the feeding threshold can be estimated 
for any water type where the spectral irradiance is 
known, simply by weighting the irradiance by the ac- 
tion spectrum. 

There appears to be a difference in the spectral sen- 
sitivity of 6-mm and 10-15-mm anchovy larvae tested 
under similar conditions. Younger larvae, which have 
cones only (O'Connell 1981), have a broader curve 
with two maxima at 440 nm and 600 nm (Hunter 
unpubl.), whereas the older larvae studied here have a 
narrow scotopic curve with maximum at 530 nm. This 
green sensitivity is also shown by adult anchovy 
(Loukashkin and Grant 1965). Blaxter (1964, 1968a) 
shows a similar development in herring: larvae with 
pure-cone retina have photopic curves with I to 3 
maxima depending on the behavior and test con- 
ditions; the juveniles with rods show a scotopic max- 
imum at 510-520 nm. 

The action spectrum may be expected to reflect the 
absorption spectrum of the visual pigment. The visual 
pigment of northern anchovy has not yet been ex- 
tracted but is probably similar to that of the deepbody 
anchovy, Anclioa compressa, a relative that also lives 
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in turbid water and has an absorption maximum at 510 
nm (Munz 1957). The action spectrum of 10-15-mm 
northern anchovy is similar to that of juvenile herring 
(Blaxter 1964), to the scotopic ERG spectra (with 
maxima at 520-540 nm) of several species of shallow- 
water marine and freshwater fishes studied by 
Kobayashi (1962) and Protasov (1964). and to the 
scotopic sensitivity spectrum (with peak at 525 nm) of 
adult Tilapia (Tavolga and Jacobs 1971). 

Feeding in the Dark 
Of the larvae kept 12-24 hr in the dark, 12% had 

two or more freshly ingested rotifers in the gut at high 
food densities (40 rotifershl) whereas only 3% fed in 
pots where the only food present was that transferred 
with the larvae from the rearing tank (5 rotifersiml) 
(Table 4). There was no doubt that most of the food 
seen in the gut was recently consumed because many 
of the rotifers were undigested, and Theilacker 
(Southwest Fisheries Center, La Jolla, pers. comm.) 
found that the time for complete evacuation of the gut 
in feeding anchovy larvae less than two weeks old, as 
well as in herring larvae up to five weeks old, varied 
little from 2 hr. That the incidence of food in the gut 
showed a significant increase at high food densities 
(x'= 11.53, p=0.007 when the criterion used is two 
or more prey per gut or R 3 2 )  also clearly demon- 
strates that IO-15-mm larvae can feed in the dark at 
high food densities. The dark controls with 20-25 
rotifersiml averaged 10% feeding incidence (Table 4) .  
I t  appears that the extent of dark feeding depends on 
the food density. 

Previous work on larvae of the northern anchovy 
and related species has shown a marked diurnality in 
feeding activity, with no feeding in the dark (Berner 
1959; Arthur 1976). Arthur, however, mentions a re- 
markable "exception": a sample taken 38 km off the 
coast of central Baja California approximately 6 hr 
after sunset and 1.5 hr after moonset (first quarter 
moon) contained both anchovy and sardine larvae 
literally crammed with the pteropod Lirnacina bulrni- 
noides. Mollusks were otherwise a rare item in the 
guts of these larvae. O'Connell (1981) found that the 
olfactory and the lateral line apparatus are present and 
apparently functional at hatching in anchovy; matura- 
tion of these systems continues throughout larval life. 
These faculties are sufficiently developed to be used 
by the larvae in locating prey in the dark. Olfaction 
may be used to locate prey patches; once in a patch, 
larvae could ingest food by swimming through open- 
mouthed or by blindly striking. 

Dark feeding has been observed in other fish larvae, 
(Blaxter 1969; Bainbridge and McKay 1968; John and 
Hasler 1956; Ellertsen et al. 1980). Blaxter (1966) 
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TABLE 4 
Feeding Incidence in Anchovy Larvae Kept 12 hr 

or More in the Dark 
~~~~ ~ 

Rotifer Number Numher Feeding incidence 
density larvae tests Mean -C (2SE) (W) 
(#/mil R r l '  R z 2  

5 I88 21 10.74 2.89 
(5  90) (2.41) 

40 172 21 26.99 12.44 
(6.92) (5.80) 

22h 428 3 1  14.49 9.41 
(4.28) (3.41) 

25' I40 10 14 16 IO. I O  
(7.13) (4.29) 

"R is the number of rotifers in the guts of larvae; R 2 1 is the original. and 
R 2 2 the modified criterion of positive feeding incidence applied to the 
same larvae 

'Dark controls for the threshold experiments in which rotifers were added 
I ?  hr before test. 

'Dark controls in which the rotifers were added just before test. The 
chi-%quare k y t  shows significant differences in the frequencies of feeding 
larvae under low and high food density conditions: X' = I I .53. 
P = 0.007 when R 2 2. and X' = 20 66. P = 0.001 when R Z I .  

noted that some of the 12-14-mm herring larvae (with- 
out rods) in his dark controls fed overnight. Dempsey 
( 1978) showed that herring respond by olfaction to 
washings and extracts of prey they had previously fed 
on, and to amino acids characteristic of these prey. 
Herring larvae with the eyeballs removed are able to 
feed at very high food densities (Hunter personal 
observation). 

Daily Feeding Period 
One of the important effects of increased visual sen- 

sitivity is the increase in the length of time that larvae 
arc able to feed effectively (Blaxter 1966). When the 
sun is 6" below the horizon (civil twilight), illumina- 
tion at the sea surface is about 3.4 lux (Brown 1952). 
This irradiance level would still enable 50% of 10-15- 
mm anchovy to feed, but is below the feeding 
threshold of the 6-mm larvae. Full moon is typically 
0.1 lux, and at least some 10-15-mm larvae could feed 
at the surface. The broadband blue-green feedinq 
threshold of 10-15-mm anchovy larvae, 0.15 pWcm-- 
= 0.61 lux = 0.057 ft-c, is reached at the earth's 
surface when the sun is 7.5" below the horizon at dusk 
and dawn. With the sun 6" below the horizon, we 
calculate that in California waters with a total attenua- 
tion coefficient of 0.152/m in January (Tyler 1961), 
50% of 10-15-mm anchovy larvae could still feed at 
5-m depth. At noon of a typical sunny day, when 
incident illumination is 1 1,500 ft-c at the surface 
(Brown 1952), 50% of 10-15-mm anchovy could feed 
at 74 m. Anchovy larvae are distributed from the sur- 
face down to about 100 m, with about 95% of them in 
the upper 60 m (Ahlstrom 1959). Larvae I O  mm and 
larger remain near the surface at night and descend to 
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Figure 6 The daily feeding period of anchovy larvae at these selected latitudes 

at different times of the year 

depths down to 70 m in the day (Hunter and Sanchez 
1976). 

We calculated the daily feeding period of anchovy 
larvae (the number of hours when the light intensity at 
the sea surface is above the visual threshold value and 
the larvae are able to feed) based on Brown's ( 1952) 
Natural Illumination Charts. Figure 6 shows the daily 
feeding periods of 10-15-mm anchovy larvae at 41"N 
(Cape Mendocino), 35"N (Point Concepcion), and 
24"N (Point San Juanico). It appears that in southern 
Baja California there is sufficient light for feeding by 
IO-mm anchovy larvae for 12 or more hours per day 
throughout the year. Southern California larvae have 
at least 11  hr and up to 16 hr per day. The anchovy 
population that occurs north of Cape Mendocino into 
Canada spawns in the summer, at which time there are 
17-18 hr for larvae to feed (and the temperature and 
the food supply are favorable). 

At 35"N, 10-15-mm larvae have approximately one 
hour more each day for feeding than the 6-mm ones, a 
consequence of their higher visual sensitivity. Thus. 
contrary to Hunter's (1972) assumption of a IO-hr 
feeding day, anchovy larvae have potentially much 

longer daily feeding periods. In March, which is the 
peak spawning month, 6-mm larvae can feed about 12 
hr and 10-15-mm larvae 13 hr each day. This, of 
course, increases the possible volume of water search- 
ed by 10-IS-mm larvae per day by 30% and thereby 
improves the chance of finding food by that amount. 
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