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ABSTRACT 

The relation hetween prey consumption and gross growth efficiency was determined for first-feeding 
northern anchovy, Engrnulis naordaz, fed rotifers for 2 weeks. I,arval length- and weight-specific daily 
consumption, given as prey nuinhers, dry weight, and rahrric value, werr IPSS for the 2/mL rotifer dirt 
arid ~ i r l  r r s i h w e  limc was lonp*r, rwdting in  a higlirr gross growth i4ficiiwiy (O . l ( i )  than tho 2!i/ml. 
rotifer diet (0.87). Daily perrent increasw i n  dry weight for northern anchovy fed rntilers were I570 
at the low density and 2170 at tlie high density. Northern anrliovy grew the most, 2:Wh per day, when 
fed 2/mL copepods. hut their length-specific weight was less than those fed on the rotifer diets. Equa- 
tions for the rotifer and copepod diets are given for calculating growth in length and weight, size-specific 
stomach contents related to feeding period, and daily food consumption hased on empirically determined 
gastric evacuation rates. Respiration was measured directly and indirectly, by using a starvation analysis 
to mcasiire the caloric equivalent of metat)olism; results from hoth methods agreed. A power equation 
was ustd l o  express niehtxdisin as a functiim of dry wriKhI.. Fktimalrs or gross growth rl'firicw 
that larval nortlierii anchovy may exhihil a high growth rale or a high efficiency. hut not hoth at tlie 
same time. Information also is given on increase in size of prey selected as northern anchovy larvae grow. 

Measurements of gross-growth efficiency (calories 
of growthlcalories consumed) of fishes are a good 
indicator of the adequacy of their diet and state of 
health (Brett and Groves 1979). Generally a favor- 
able environment for larval fish growth can be in- 
ferred by using information on growth efficiencies 
as related to prey densities. A high-growth efficiency 
is the result of efficient assimilation of food energy 
for growth, with relatively little energy lost as feces 
or used in respiration. 

A wealth of  informalion is availahle on larval 
northern anchovy, Engraulis mordm. Research has 
been directed toward understanding the factors that 
affect their survival, yet no information exists on 
the growth efficiency of larval norlhern anchovy. 

Larval northern anchovy have been cullured in the 
laboratory, and their growth and survival on wild 
plankton (Kramer and Zweifell970; O'Connell and 
Raymond 1970) and on cultured foods (Lasker e t  al. 
1970; Theilacker and McMaster 1971; Hunter 1976) 
have been described and compared with their 
growth in the field (Methot and Kramer 1979). In- 
cubation times, yolk absorption and the onset of 
feeding (Lasker 1964; Lasker e t  al. 1970), feeding 
success and swimming behavior (Hunter 1972) and 
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their ability to withstand starvation (Hunter 1976; 
Theilacker and Dorsey 1980) have been studied. 
Here I describe how variations in prey density af- 
fect consumption, growth, and gross growth effi- 
ciencies and compare my results to those on other 
larval fishes. 

MATERIALS AND METHODS 

The rationale for my experimental design was to 
avoid known protilerns that affecl interpretation of 
results of energetic studies. Mainly I determined gut 
contents directly, which gives a measure of in- 
dividual variability, rather than by controlling prey 
level in  the tank and estimating feeding hy differ- 
ence in prey numt)ers over time. To obtain more 
precise fresh dry weight values for these small lar- 
vae, I grouped them by size class to increase the 
measured weight. I converted the number of prey 
eaten to width-specific and species-specific fresh dry 
weights and caloric values, thus precluding problems 
inherent with feeding rate estimations that use pre- 
served sample weights and/or average prey weights. 
Because gastric evacuation depends on feeding 
rates, 1 conducted the evacuation experiments with 
actively feeding larvae. In addition, I compared and 
validated traditional oxygen uptake measurements 
with a starvation analysis used to estimate the 
caloric equivalent of metabolism. 
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Numbers of larvae per group ranged between 2 and 
12; the larger the larval weight, the fewer larvae 
1 grouped together. After drying to a constant 
weight a t  60°C (Lovegrove 1966), larvae were re- 
moved from the slides by using a single-edged razor 
blade and weighed on a Cahn electrobalance to rl: 2 

Larval Rearing 

Northern anchovy eggs were spawned by admiri- 
istering horn~one injections to a brood stock held a t  
the Southwest Fisheries Center (Leong 197 1). Lar- 
vae raised from the eggs were kept in 100 L circular, 
black polypropylene tanks a t  constant temperature 
(15.5"C)and photoperiod (12 h112 h). In this study, 
I varied the prey type and density. At the onset of 
feeding, northerii anchovy larvae have sniall mouths 
that restrict their feeding to  small prey (Hunter 
1977). Thus for the initial feeding (day 3) all larvae 
were fed Gymnodinzum splmdens, a naked dino- 
flagellate having a width of about 50 prn (],asker e t  
al. 1!)70), and 2 days later the larvae wwe Fed larger 
prey. Because it is impossible to quantify the caloric 
input from Gymnodinium directly (digested cells 
cannot be counted), the experiments began on day 
6 when the larger prey could be removed from the 
fish stomachs, counted, measured, and subsequently 
expressed as caloric input. 

Experimental Design 

I conducted five experiments. In the first experi- 
ment, rotifers, Brachionms plicatilis, at a density 
of 35/mL were fed for 20 days, and the number of 
prey eaten was determined. The size of the rotifers 
was riot measured in  this initial experirnerit, but in 
subsequent experiments, widths of prey eaten were 
measured. In the second and third experiments, 
rotifers were offered a t  densities of 2 and 25/mL 
respectively for 14 days. In the fourth experiment, 
copepods, Tigriopus cnlz~omict~s,  nauplii and cope- 
podites were fed to larvae a t  a densit,y of 2/mL 
(usually 1 nauplius and 1 copepodite/mL) for only 
9 days instead of 14 days because of problems with 
the copepod culture. In the fifth experiment, larvae 
were fed copepods a t  0.2/mL for 12 days without 
the initial additioti of (;?inmo~liwiuin. (Mortalities 
were high on this low density copepod diet, and data 
are few; high mortalities are consistent with results 
reported by O'Connell and Raymond [1970] for 
northern anchovy raised on a similar diet. The addi- 
tion of a Chlorellu bloom to this diet improves sur- 
vival of northern anchovy [Moffatt 19811.) 

To estimate larval growth as the increase in stan- 
dard length, SL, and dry weight, W,  larvae were 
pipetted individually onto a slide and measured while 
alive. Larvae were then rinsed in distilled water and, 
to ensure dependable mean dry weight determina- 
tions, grouped by size class onto a clean slide. Lar- 
vae <5 mm were grouped by 0.2 mm size class, and 
those >5 mm were grouped by 0.3 mm size class. 
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Feeding 

To estimate feeding rates and daily consumption, 
each prey item removed from the larva's gut was 
counted and its width measured. Width is the dimen- 
sion that limits a fish larva's selection of prey (Reyer 
1980; Hunter 1981). I'rey defecated onto the slide 
were included in the total number eaten. Gut con- 
tents in dry weight were determined by summing 
the width-specific weights of the prey eaten each 
day. I used the width-specific fresh dry weights and 
caloric values for Brachzonus and Tzgriopus given 
by Theilacker and Kimball (1984) and reproduced 
here in Table 1 

Because northern anchovy larvae eat continuous- 
ly, asymptotic curves (c = C,,, x (1 - e-&')) were 
used to  describe food intake, ;.e., the relation be- 
tween observed gut contents c and time t ,  where 
C,,, is the asymptotic gut contents (contents in gut 
at steady state after filling) and k is the instan- 
taneous rate of gut filling. Using Marquardt's 
algorithm for fitting nonlinear models, parameters 
C,,, and k were estimated for 0.5 mm length 
classes (Table 2). Fish with empty stomachs were 
included in this analysis because all fish were used 
i n  the growth estimates. Daily mean gut contents 
C were calculated hy integrating the area beneath 

TABLE 1 -Width-specific dry weight and caloric value of rotifers, 
Brachionus plicatihs. and copepods, Tigriopus cahlornicus ' 

Per indlvitual 
Width 
class Dry weight 

Prey Irm Irg (SE) 
~~ - ~~~ . . ~~~~ -~ 

Brachionus plicafilis (4.4 callmg) 
Rotifers 74.3-109.7 0.10 (0.01) 

109.8-146.7 0.22 (0.04) 
146.8-183.8 0.41 (0.06) 
183.9-195.0 0.47 (0.08) 

rignopus calilornicus (4.9 callmg) 
Nauplii 74.3-109.7 0.04 (0.01) 

109.8-146.7 0.13 (0.01) 
146 8-183.8 0.25 (0.01) 
183.9-195.0 0.38 (0.00) 

Copepodites 146.8-183.8 0.63 (0.15) 
183.9-221 .O 1.20 (0.26) 

~~ . ~~ ~~ -. ~~~ . ~ ~~~~ 

'From Theilacker and Kimball 1984. table 2 

Caloric 
Volume value 

x 10'prn x 1 0 - ~ c a 1  

0.65 0.44 
1.73 0.97 
2.96 1 .80 
3.99 2.07 

0 20 0 20 
0 55 0 64 
1 1 7  1 23 
1 77 186  
3 38 3 09 
6 21 5 88 _ ~ _  ~ .- 
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TAELE Z.-Estimates of the asymptotic gut contenls (Cmax) and in- 
stantaneous rate of gut filling (k) for northern anchovy (n) fed 
several diets'. 

~~ - 

Diel 

Rotifers' 
~ ~~ 

Rotifers 

Rotifers 

Copepods4 

SL 
(mm) 

4 00 
5 0 0  
6 0 0  
7 00 
8 00 
9 00 

10 00 
4 25 
4 75 
5 25 
5 75 
6 50 
8 00 
4 25 
4 75 
5 25 
800 

4 25 
4 75 
5 25 
5 75 

56 25 
8 00 ___ 

89 
236 
131 
219 
159 
171 
89 
58 
69 
54 
35 
28 
32 
33 
19 
18 
16 
21 
63 
44 
32 
31 
14 

... - __ 
'Includes zero gut contents: observed gut contents c at time I = C,,, x 

*Prey widlh not measured. 
387% rotilers <I50 pm width 
'Fish eating Gymnodmiurn exclusively were removed to estimate CR,*, and 

scopepod concentration <O.llmL 

( I  - e -"). 

k 

6.16 0.33 
9.90 0.32 

11.91 1.13 
15.92 3.73 
28.33 3.78 
46.36 2.56 
52.22 1.72 

315.55 0.12 180  0.29 
7.79 0.67 2.12 0.67 

12.93 0.62 2.36 0.83 
14 01 0.64 2.92 0.58 
16 97 1.96 3.31 3.76 
27.80 1.84 6.68 1.61 

7.44 0.35 0.50 0.18 
4.97 1.61 1.35 0.98 
8.86 1.29 2.42 0.73 
9.94 1.30 4.00 0.88 
1.54 1.27 0.08 0.49 
4.89 0 42 0.52 0.37 
4.45 0.45 0.94 0.57 
3.86 0.41 1.15 1 4 9  
4.94 1.01 1.99 0.88 
7.22 1.30 3.66 0.66 . ~~~ 

the curves and dividing by the 12-h feeding period. 
Equations were derived for each diet from the 

relation of C,,;,, and k with fish size and duration of 
feeding; these equations allow the calculation of gut 
contents c at time t for all fish lengths between 4 
and 8 mm. The parameters (Table 3) were found 
using the derivative-free nonlinear regression pro- 
grain (HMDPAR) by Biomedical Computer Pro- 
grams (EMUP,  1981). 

Daily consumption F ,  was estimated using a 
modification of an equation for consumption devel- 
oped by Stauffer (1973) and discussed by Elliott and 
Persson (1978) and Jobling (1981), F, = rt + Clz, 
where T is the pg evacuated per hour calculated as 
mean gut contmts  C divided hy the empirically 
determined rate of gastric evacuation (see Evacua- 
tion Rates), t is the duration of feeding, and C12 is 
the dry weight of the food remaining in the stomach 
at the end of the 12-h feeding period. 

Growth 

Length data for all feeding treatments were fit 
to exponential growth curves, SL = l,ek' where l,, 
is length a t  hatching, k is the instantaneous growth 
rate and t is the age. Length-weight data were fit 
to a power equation where weight W = U(SL)~;  
paramettv-s for the growth equations are  given in 
Table 4.  

TAELE 3 -Parameters for equation' relating observed gut contents c in p g dry weight 
at time t to standard length (SL) of northern anchovy led three diets 

Diet Age n P, (SD) P, (SD) P, (SD) P, (SD) 

251mL 5-14 280 - 1  90 (070) 051  (0 18) 057  (0 16) 029  (003) 
21mL 5-14 103 - - '069 - 0 3 3  - 0326 - 

2/mL 5-9 171 284 (088) - 0 3 9  (0 12) 3l 26 3(0.75) 1 18 (0 10) 

z(PI t 'P2) lixed at 0 69, the mean k from Table 2. asymptotlc standard deviations could not be 

- ~-~ ~ 

_~ 

Rotilers 

Copepods 

- - -  
,c = e D , S L , l - a  @ 1 ' p 2 s L n l ) l  

computed because k was held constant 
1x 10 ' 

TAELE 4.-Parameters for northern anchovy growth equations where SL is standard 
length in mm. W is weight in pg. and f is age in days. 

Age length Length-weight 
w = a(sL lb  SL = /oek' - -~ ._ 

Diet Age (d) n I, (SD) k (SD) n a (SD) b (SD) 
~ ~ ~~~ _ _ _  ~_ _ _  __ ~_ . 

Rotifers 
251mL 5-14 280 3 0 6  0 0 5  006 0001 253 0 197 0040 3 16 0 11 

21mL 5 14 103 3 14 0 0 7  0 0 5  0002 84 0379 0030 280  004  

2/mL 5-9 138 3 0 6  0 15 007  0010 109 0297 0097 2 8 8  0 2 0  
Copepods 
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loss i n  caloric units would equal tht. loss due to 
metabolic costs, excluding the metabolic cost of 
attacking prey. 1Jsing this approach, I fed control 
northern anchovy larvae ad libitum on Gymno- 
t l i i i iuin aiid U m c h i o n w  and starved the test larvae; 
both groups were niaintained in 100 L rearing tanks 
a t  15 5°C. Live standard length and dry weight of 
groups of the same length were measured daily, as 
described earlier i n  this Methods section, for 10-50 
larvae sampled daily from each treatment 

I calculated the caloric equivalent of northern an- 
chovy tissue using the caloric values given by Hunter 
and Leong (1 981) for fat free anchovy tissue, 4.129 
callmg, arid for anchovy lipid, 9.227 callnig. For ex- 
ample, northern anchovy larvae weighing 26 pg con- 
tained 6 pg of lipid (unpubl. data: John Fiakanson, 
UCSI), Scripps Institution of Oceanography); using 
the above caloric equivalents for 19 pg of fat-free 
tissue and 6 pg of lipid yields 5.36 cal/mg as the 
energy equivalent of anchovy tissue ln a 20-d 
lakioratory experiment, llakanson found that lipid 
weight appeared to increase proportionally with an- 
chovy weight, thus the caloric content of anchovy 
tissue would be approximately constant for the age 
range studied. Lipid content seems to be lower in 
older norlhern anchovy larvae. The only other i r i -  

formation I found was for 40-60 d-old northern a i -  

ctioty where the caloric content averaged 4.9 cal/mg 
(unpubl. data: John Hunter, Southwest Fisheries 
Center). I used 5.4 callmg as the caloric value of an- 
rhovy tissue for larvae between 5 and 14 days of age. 

Metabolism 

I determined metabolic rates for the larvae, which 
ranged in age from first-feeding (3 days after hatch- 
ing) to 25 days using the Winkler (echnique. I chose 
the Winkler technique where large vessel volumes 
could be used and there was no need to shake the 
vessels during the experiment, as required for inano- 
metric techniques. Pearcy e t  al. (1969) found no dif- 
ferences between Winkler and Warburg estimates 
of oxygen consumption. Oxygen consumption was 
estimated a t  16°C during 18-23 h experimental 
periods with a 12 ti light-dark cycle. The respiration 
vessels were attached to a large, slowly rotating 
wheel. Young larvae, 0.02-0.14 mg dry weight were 
tested in 40 mL vessels in groups of 10-50, while 
larvae older than 16 days (larger than 0.14 mg) were 
tested individually in 60-150 niL vessels. All fish 
tested had empty guts. Data were not used when 
mortalities occurred during the experiment 

To express metabolism (Q) as a fuiiction of dry 
weight, 1 used a nonlinear regression to fit a power 
equation to the data (see parameters for Model 1 
in Table 5). The data points were weighted by their 
sample size (71 = 10-50). The Model 1 fit was un- 
satisfactory for the whole size range, presuniably 
because each data point for the young larvae (n = 

72) was a group mean, and the model was signifi- 
cantly weighted toward the young larvae, causing 
it to overestimate oxygen consumption for the few 
large larvae (n = 17). Because the experimental 
technique differed (i.e., respiration was measured 
for groups of young larvae or individual older lar- 
vae), I also fitted two separate curves. These curves 
(Model 2) gave a good fit to the data (Table 6); the 
Model 2 equation for younger larvae was used in the 
present study. 

An alternate approach for estimating metabolic 
requirements is to starve larvae of known size 
(wc>ighl), determine the sizespecific weight loss, and 
ronvert the weight loss to calories. This approach 
eliminates the need to restrict larval swimming ac- 
tivity in a respiration vessel. Presumably the weight 

TABLE 5.-Parameters for equation 0 = a d  where 0 is metabolic 
rate in pL O,/h for northern anchovy and w is their fresh dry 
weight 

Paramgers 
Size group 
(mg dry wt) ~ - ~ 

Model N W b ( S E )  

1 89 0 0 2 - 2 7 0  ' 3 8 4 4  f 0 100 0 8 5 8  f 0 0 2 9  
2 72 002-0 14 2 8 9 7  f 0 3 4 4  0 8 3 4  f 0 0 5 7  
2 17 0 1 4 - 2 7 0  4 2 6 9 + 0 3 2 5  0 6 9 7 f 0 1 0 7  

'The sum 01 the residuals in Model 1 does no1 equal zero, thus the pro 
gram calculation ot SE's is biased 
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Evacuation 

Gut clearance times were deterniinetl for active- 
ly feeding fish of various ages fed the rotifer and 
copepods diets. Larvae were transferred from the 
100 L rearing tank to a 10 1, test tank. Because 
northern anchovy larvae are  sensitive to handling, 
handling was restricted to one transfer. 'I'ransferred 
larvae were kepl i n  the test tank for 18 hours prior 
to an evacuation experiment because injured larvae 
usually die within 8-10 hours after transfer. First, 
larvae were fed a low concentration of prey that had 
been dyed with National Fast Blue (Laurence 1971). 
After larvae had filled their guts, eating most of the 
dyed pi'ey, a knowti  derisily of untlycd prey was 
added. Larvae were sampled a t  5-tniri intervals, and 
the time required for them to void their guts of the 
dyed prey was determined. The number of prey in  
the full guts was counted and converted to dry 
weight. Evacuation rates are given as pg prey 
c1earc.d througli the gut per hour. Rates were re- 
lated to fish size and to prey type. 
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The timing of the second prey addition was not 
critical for determining gut clearance rates a t  high 
prey densities. But when the timing was not cor- 
rect for the tests that used low prey concentrations, 
deciphering the meaning of the gut contents was 
problematical. Results from most of these low- 
density tests could not be used. 

A series of evacuation experiments also was con- 
ducted with nonfeeding northern anchovy that were 
removed from their food source, rotifers, to filtered 
seawater. 

To reduce the incidence of injury during transfer, 
I constructed a cylindrical, clear plastic container 
(15 mm high and 7 mm diameter) with handle and 
a removable bottom grooved to fit the circumference 
of the cylinder. Larvae to be transferred were sur- 
rounded by the cylinder, and then the bottom was 
fitted onto the cylinder. The container with fish was 
transferred and lowered into the test tank. Remov- 
ing the bottom and slowly raising the cylinder re 
leased the fish. Prey that were transferred into the 
experimental tank with the larvae were removed by 
an air-lift pump that slowly recirculated water and 
was screened to prevent the removal of larvae 
(O'Connell and Paloma 1981). 

Growth Efficiency 

To determine growth efficiencies, I used the in-  
formation on growth (Table 4), daily food consump- 
tion estimated from the general equations (Table 3) 
and evacuation rates of 1.15 hours for the high- 
density rotifer diet and 1.5 hours for the low-density 
diet. Gross growth efficiency was estimated based 
on dry weight and on caloric estimates. I t  is the ratio 
of growth to ingestion. To estimate assimilation ef- 
ficiency, I used the information on weight-specific 
metabolic rates and simply combined the energy of 
metabolism and growth and divided it by the energy 

consumed. Assimilated energy 
urine was not accounted for. 

lost as feces and 

RESULTS 

Feeding 

Sizes of prey fed to larval northern anchovy in 
these experiments ranged from 50 pm for Gymno- 
dinium, to 74-195 pm for rotifers and copepod 
nauplii, and 147-221 pm for copepodites. In contrast 
to larvae fed the rotifer diets, fish offered the cope- 
pod diet did not switch from eating Gymnodinium 
at first feeding on day 3 to eating larger prey on 
day 5. All fish fed copepods and sampled on day 5 
contained Gymnodinium in their gut, and 96%0 of 
these guts were full of Gymnodiniuwz (Table 6). By 
day 7, the number of copepod-fed northern anchovy 
eating Gyntnodinium had decreased to 807~1, with 
10% full .  These data reveal that young northern an- 
chovy were unsuccessful at capturing Tigrzopus 
nauplii a t  l /mL until 7-8 days of age, and because 
of this behavior and the failure of the copepod 
culture on day 9, I was unable to quantify daily con- 
sumption for northern anchovy fed copepods. 

Northern anchovy reared on the low-density 
(2/mL) and high-density (25/rnL) rotifer diets ate 
only a few Gymn,otlin,ium, cells after day 4. Retween 
rotifer treatments, incidence of feeding on Gymno- 
di?iium after day 4 was higher for fish fed the low- 
density diet (Table 6). On day 5, northern anchovy 
concentrated on eating rotifers in the 75-1 50 pm size 
range; between 84 and 97% of the rotifers eaten by 
larvae sampled from both rotifer treatments were 
<150 pm width (Table 7). Only 7% of the rotifers 
available to these larvae were smaller than 150 pm 
width. Hence on day 5 larvae were selecting small 
rotifers i n  higher proportions than were availahle; 
in  the two treatments, the apparent density of roti- 

TABLE 6 -Presence 01 Gymnodinrum in guls of larval northern anchovy relaled lo 
age 01 larvae and to diet 

- - ~~ ~~~ - 

Diets 

Rotifers 25/mL' Rotifers 2/mLZ Copepods 2/mL3 

Age Incidence Gut lull Incidence Gul full Incidence Gul full 
(d) n (01~)~ ( 0 1 ~ ) ~  n (014~  ( 0 1 ~ ) ~  n (010)~ (010 )~  

5 21 48 0 29 83 0 27 100 96 
6 82 59 0 11 9 0 57 77 16 
7 10 10 0 5 0  0 49 80 10 
8 75 9 0 0 -  - 5 0 0 
9 27 7 0 38 6 0 33 0 0 

- 
~ -~ 

~ 
~ ~~ ~ ~ 

'Apparent density 01 rotilers <150 pm = 21mL 
ZApparent density of rotifers <150 pm = 0 llmL 
3Apparent density 01 nauplii <I50 pm = IImL 
4Percent 01 larvae having Gymnodmiurn cells in guts with rotifers or copepods 
SPercent of larvae having guts lull with Gymnodinrum cells 

217 



TABLE 7 -Width frequency of prey ealen by northern anchovy ( n )  related to their diets and 
to their age and size 

Rotifers 25/mL' Rotifers 2/mL' Copepods 2/mL3 
Prey cornposition (Vo) Prey composition ( o h )  Prey composition (O/o) 

. ~~ Age 
(d) n <150pm >150pm n <150pm >150pm n <150pm >150pm 

100 - -. c 
P) z 80 
n 
z 
0 60 
I- n 

- 

5 
40 z 

0 
0 

20 
a 
n 

0 

5 
6 
7 
8 
9 

Length 
(mm) 

4.1-4.5 
4.6-5.0 
5.1-5.5 
5 6-6 0 

- 

- ~ 

21 835  165  29 9 7 3  2 7  27 
82 11 0 890  11 750  2 5 0  57 
10 5 2  9 4 8  5 3 8 7  613  49 

5 75 33 1 669  0 - 
27 409 59 1 38 122  878  33 

- 

8 6  21 60 497  503  37 91 4 
77 2 5 7  74 3 20 234  766 69 
55 439 56 1 23 15 1 8 4 9  45 
35 366  634 9 11 8 882 30 

6 1-65 23 382  61 8 0 

'Apparent density 01 prey <150 vm = 2ImL 
2Apparenl density of prey <I50 pm = 0 I /mL 
,Apparent density of prey <I50 pm = IlmL 

fers <150 pm was equivalent to about 2 and 0.llmL. 
In sum, the larvae switched to eating prey >150 pm 
on day 6 in the high-density rotifer treatment, day 
7 in the low-density treatment, and day 8 in the 
copepod treatment (Table 7). If the analysis is based 
on larval size instead of larval age, selection for prey 
>150 pm occurs a t  4.6-5.0 mm for northern anchovy 
fed the rotifer diets and at 5.6-6.0 mm for those fed 
the copepod diet (Table 7; Fig. 1). 

Feeding intensity was highly variable on all diets. 
The observed stomach contents can differ hy as  
much as a factor of three (Fig. 2) from the pre- 
dicted stomach contents (Cmax) used in the feeding 
models. 

- .- 17 

8 8 0  120 
600 400 
590  41 0 
33 4 566  
31 8 682  

8 0 0  200  
6 8 3  137  
573  427  
400 600 
364 636  

At high rotifer iiensities, northern anrhovy filled 
their guts a t  a faster rate and consumed more. On 
average, fish eating the high-density rotifer diet 
were full within 2 hours, while those eating a low- 
density diet were full in about 3 hours. Comparing 
the average observed stomach contents, and ex- 
cluding empty stomachs, for fish of equal age shows 
that all larvae eating a t  the high prey density ate 
more than their counterparts eating at lower prey 
densitips ('l'aide 8). 

Growth 

Hunter (1976) showed that the length-weight rela- 

A 

COPEPOD WIDT_H_ (rm) . . ___ . .. 
0 4  75-147 
A--A 147-184 \ &-d 184-221 

0 4  75-147 
A--A 147-184 

&-d 184-221 

4.0 5.0 6.0 7.0 0.0 9.0 10.0 

ANCHOVY STANDARD LENGTH (mm) 

FIGUKE I.-Size of cnpepd prey eaten Iiy northerti anrhovy related t o  fish size 
See Table 1 for copepd width classes. 
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FIGURE 2.-Observed stomach contents of 4.0-4.5 mni northern 
anchovy fed 25 rotiferdmL, predirt.ed rate of gut filling k and 
prntictwl rnaxirniliii kwt rontml f-,,,:,%. I S : ~ I  point i s  (IIW Iarw. 

TAeLE &--Mean dry weight of food (pg) observed in stomachs' of 
northern anchovy (n) related to their age. 

Rotifers 

n rg 

9 175 
57 2 23 
8 356  

51 210  
26 299  

6 360  
22 5 14 

252L-- 

- -  

Rotifers 
21mL 

n rg  
___- - 

17 060  
4 027  
5 141 

27 260  
- -  

- -  
- -  
4 '639 

Copepods 
~~ 2/mk 

n rg 

8 0 18 
39 055 
37 067  
3 0.87 

31 1.88 

Copepods 
0 21mL 

n rg 
~ - ~ -  

1 008  
6 0.78 
9 1.51 
9 042 
3 0.90 

'Average stomach contenis (excludes empty siomachs) calculated lor 1 = 
>3 hours. 3 hours is a reasonable lime lor northern anchovy lo 1111 guls eatlng 
at lowest prey densities tested (see lext) 

?Day I 3  

tion for northern anchovy was curvilinear on a log- 
log plot, and he used a Laird Gompertz model to 
describe hoth growth in length arid in weight over 
75 days. Because I am describing only the first 2 
weeks of growth, I used a simpler exponential model 
(Tahle 4) which prohably should not he used for lar- 
vae heyond 2 weeks of age. 

Larvae grew a t  0.35 mm/day on the copepod diet 
(k = 0.07) and a t  0.33 and 0.25 mm/day on the high- 
(k  = 0.06) and low-density (/< = 0.05) rotifer diets 
(Table 4). On the average, the dry weight of larval 
northern anchovy was proportional to length to the 
third Ibower. 1)cy)cwding on diet, the Irnglli exponent 
ranged from 2.80 to 3.16 ('L'ahle 4). 

Daily percent increases in dry weight for northern 
anchovy fed the rotifer diets were 157n for larvae 
fed 2/mL and 21% for larvae fed 25/mL. However, 
northern anchovy grew the most, 23% per day, on 
the 2/niTJ ropepod diet. For the three diets tested, 
daily growth i n  dry weight as a percrrit was con- 
stant over the size range. 

An analysis of covariance was used to test for diet- 
induced differences in the relation between natural 
logarithms of length and weight for larval northern 
anchovy between days 5 and 9 when prey concen- 
trations were conlrolled. Larvae which fed on cope- 
pods were significantly longer and heavier at age 
than larvae eating rotifers. There were no length 
or weight differences at age 7 days between the two 
rotifer treatments (Tahle 9), but there were differ- 
ences in  growth thereafter. Larvae raised on the two 
rotifer diets were the same weight at 4.9 mm (30.75 
and 33.25 pg; P = 0.3), but larvae raised on cope- 
pods weighed less at 4.9 mm (28.54 pg)  than larvae 
fed on lhe rotifer diets ( P  = 0.11 and <0.01). 

I compared the distribution of my northern an- 
chovy dry weights at length for the rotifer and 

TAELE 9 -Effect of diel on northern anchovy standard length (SL) and dry weight (W) 

Probabilities ___ - 
= SLancJ = W  ~~ 

- ~ - -  _ _  - _ _ _  ~ 

Age = - 

7 days - 

Density No X SL ii W 1 vs 2 1 vs 3 2 vs 3 
Diet per mL cases' (mm) (pg) SUW SUW SUW 

1-Rotifers 25 34 4 78 2836 020/0 71 OOO/OOO 0001000 
2-Rotilers 2 14 461 2733 
3-Copepods 2 28 5 28 35 11 - ~~- - - _ _ ~ -  -~ - -- 

SL = 
4 9 m m  Probabil$es 

X W ha) 1 vs 2 1 vs 3 2 vs 3 
-- ~ 

1-Rotifers 25 34 30 75 0 30 0 11 0 00 
2-Rotifers 2 14 33 25 

- 3-Copepops 2 28 28 54 

'Case numbers contain 2 12 larvae depending on number in group thal were weighed 
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1 also determined the caloric equivalent of metab- 
olism for first-feeding northern anchovy by starving 
them, determining the weight loss, and converting 
the loss to calories. Starving larvae lost an average 
of 10% of their body weight per day for 3 days, after 
which larvae must have continued to lose weight, 
brit no decrease c~ould  he memured (Fig. I). The time 
to maximuni weight loss was 3-4 days, the time of 
irreversible starvation for northern anchovy from 
the onset of feeding(1,asker e t  al. 1970; Theilacker 
and Dorsey 1980). Larvae that weighed an average 
of 0.021 1 mg a t  3 days of age weighed an average 
of 0.0148 mg o n  day 6. ’I%? weight loss (0 0063 mg) 
x 5.4 callmg, which is the assumed caloric equiv- 
alent for northern anchovy tissue, equals 0.0339 
calories, or a metaholic demand of 0.011 callday. 
This value, determined at a slightly lower temper- 
ature, corresponds well with the value ohtained for 
first-feeding northern anchovy weighing 0.021 1 mg 
using respiration measurements (0.013 callday). 

copepod diets with those in a study by Hunter (1976) 
where northern anchovy were fed Brwchionus, 
50-100/mL, and copepods, Tisbe O.Ol/mL, a t  17°C 
and Gymnodiniuni was fed as the first food. The 
curves show that among experiments there appear 
to be diet-induced differences in weight at length 
(Fig. 3). 

Metabolism 

The caloric equivalent of metabolism for northern 
anchovy larvae ranging in age from first feeding to 
25 days was determined using the relation hetween 
the metat)olic rate and fresh dry weight (Model 2, 
Table 5) and by converting the oxygen uptake to 
calories using an oxycalorific equivalent of 0.00463 
cal/pL 0, (Brett and Groves 1979). I assume the 
metabolic rate approximates “routine” metabolism. 

200 

180 

160 

- 
0)  - = 140 

2 
3 
a 
0 100 

I- 
I 

w 120 

> 

>. > 
0 
I 
0 a0 z a 

60 

40 

20 

r 
Rollfers 50-100/ml 
& COpCpOds 0.1 Iml 

A Rotifers 25/ml 

0 Rotlfers 2/ml . Copepods 2/ml 

B Copepods O.l/ml 

5 6 7 8 9 

STANDARD LENGTH [mm) 

FICURE 3.-Relation hetween dry weight and standard lenpth for 
northern anchovy fed several diets where ( h p , i o d t m u m  was the 
firs1 food. 
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Evacuation Rates 

Gut clearance times for northern anchovy larvae 
appeared to he independent of larval age; however, 
the weight of food evacuated per hour increased 
with age because the stomach contents increased. 
Because the larvae fed a t  a constant rate after the 
gut was filled and defecated continuously, the gut 
clearance rate for actively feeding northern anchovy 
larvae was ctinstant. The average gut clearance time 
for anchovy feeding on 25 rotiferslnil, was 1.15 
hours(SE = 0.13; range 0.7-1.5 hours; 11 = 6 tests). 
Reducing the prey density to Zlnil, increased the 
average gut clearance time to 1.5 Iiours (range 1.2- 
1.8 hours; n = 2 tests) for the rotifer diet and 2.73 
hours (SE = 0.26; range 2.0-3.3 hours; n = 4 tests) 
for the copepod diet. 

Nonfeeding northt~rri anchovy clearcd Ilicir guts 
in 2.8-6.8 hours, depending on their size and stomarh 
capacity (2.8 hl4.8 nim; 4 hl6.3 mm; 5 h/7.9 mm; 5.8 
hl8.5 mni). 

Daily Consumption o f  Rotifers 
and Growth Efficiency 

Daily consuniption was less on the low-density diet 
and, as a percent of hody weight eaten per day, con- 
sumption ranged between 31 and 86%, depending 
on prey concentration and fish size (Tables 10, 11). 
For both rotifer diets, weight-specific consump- 
tion decreased with increasing body weight (Fig. 
5). 

Gross growth effiviencies were higlwr for riorth- 
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ern anchovy fed lhe low-derisity diet (Tat)les 10, 11). 
Mean gross-growth efficiency (days 5-14) based on 
dry weight was 0.30 for the high-density diet and 

0.37 for the low-density diet. Based on calories, 
mean gross-growth efficiencies were 0.3'7 and 0.46 
respectively. 

.09 
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Q .08. 
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4 u 
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STARVED I- 
- : 5 -  20 larvae 

- 

Day 3 = first feeding = X IO - 50 larvae i I SO 

D 
3.0 ;i 3 4 5 6 7 3 4 5 6 7 8  

AGE IN IDAYS 

FIGURE 4.-Changes in standard length and weight of fed and starved north- 
ern anchovy larvae over time. 
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FIGURE 5.--Gross growth efficiencies (W,/F,: Tables 10, 1 1 )  of north- 
erii anchovy fed rotifers at 251rnL and at 21mL. 
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northern anchovy, percent of body weight eaten per 
day was usually higher than consumption rates, 
31-8670, I estimated. Reported values were 126- 
144% for northern anchovy (Hunter 1972), 197- 
440% for bigeye anchovy (Chitty 1981), and 20-29570 
for bay anchovy (Houde and Schekter 1981). Con- 
sumption varies with prey concentration and tem- 
perature, and the differences may be due to the 
experimental conditions. In the other studies, tem- 
peratures were higher and food concentrations were 
both lower and higher, with some including Chlorella 
blooms. However, it is likely that the differences are 
due to use of average food weights in the other 
studies. First-feeding northern anchovy larvae select 
small prey (Table 7; Fig. I ) ,  and if  average prey 
weight is larger than those actually being eaten by 
the larvae, their consumption may have been over- 
estimated. For example, in Table 2, the average full 
stomach (CmaX) of 4.25 mm fish (day 4-5) fed 25 roti- 
ferslmL contained 15.55 rotifers while the average 
4.75 mm fish (day 5-6) contained 7.79 rotifers. Using 
the width-specific weights (Table I), I converted the 
15 small rotifers to 1.8 pg and the 8 larger ones to 
2.1 pg. 

The exponent for the regression relating oxygen 
consumption to northern anchovy weight was 0.834 
for larvae weighing <O. 14 mg and 0.697 for larger 
larvae. Exponents have been reported for larval 
winter flounder, Pssudopleuronectes americanus 
(0.74; Laurence 1975); larval bay a'nchovy, Anchoa 
?nitchilli (0.8; Houde and Schekter 1983); larval sea 
bream, Arch.osargus rhomhoida.li.s, and larval lined 
sole, Achirun 1inerrtu.Y (0.838 and 0.942; Houde and 
Schekter 1983). Brett and Groves (1979) suggested 
a weight exponent of 0.86 for adult fish. There is 
considerable variation in respiration rates in the 
literature, probahly depending on experimental con- 
ditions. The respiration rates given here for north- 
ern anchovy range between 3.1 and 6.9 p l h g  per 
hour for 0.02-2.7 mg larvae, and they are compar- 
able to rates given for other fishes of similar age 
and size (reviewed by Theilacker and Dorsey 1980). 

The evacuation rates determined here, 1.15-2.73 
hours, for actively feeding northern anchovy larvae 
are comparable to rates of 1-3 hours estimated by 
Arthur (1976) for field samples. Particle residence 
time in the gut depended on prey density, prey type, 
and experimental design, e.g., feeding vs. nonfeed- 
ing larvae. Werner and Blaxter (1980) also showed 
that evacuation rates for herring fed Artemia were 
more rapid at  higher prey densities, and because live 
and undigested prey were defecated, assimilation 
must have been low at  these high prey densities. 

Northern anchovy larvae, like herring, are con- 

DISCUSSION 

Larval northern anchovy feeding ecology was 
similar to other larval fishes (Laurence 1977; Haeg- 
ler and Outran 1978; Werner and Blaxter 1980; 
Theilacker and Ilorsey 1980; Blaxter and Hunter 
1982; Eldridge et  al. 1982; IIoude and Schekter 
1981, 1983). As the larval northern anchovy grew 
they selected increasing larger prey, and on the 
rotifer diets, their feeding and growth rates in- 
creased with increasing concentrations of prey. In 
addition to the growth response to different prey 
concentrations, I observed differences in growth due 
to prey Lype. Fish grew the fastest on the copepod 
diet where one-third fewer calories were available 
than were available in the high-density rotifer diet 
(4 x 10-2 vs. 13 x 10-2 callmL for prey <150 pm). 

Length a t  age obtained for the first 2 weeks by 
larvae raised on copepods agreed with previous 
studies where northern anchovy were fed copepods 
and Gymnodinium was the first food (Kramer and 
Zweifel 1970; Hunter 1976). However, the larvae 
raised on copepods did not put on as much weight 
per unit length as their counterparts fed rotifers and 
Gymnodinium. Between days 5 and 9, the faster 
growing, copepod-fed larvae had significantly lower 
size-specific weights, and the weight exponents esti- 
mated for the first 2 weeks were lower, 2.9, than 
for larvae feeding on the high-density rotifer diet, 
3.2. Lasker e t  at. (1970) found an exponent of 3.3 
for northern anchovy fed on a high-density veliger 
and Gymnmdiniuni diet. 

These weight exponents estimated for northern 
anchovy are lower than the exponents of about 4 
reported for deep-bodied fish larvae (haddock, 
flounder, cod, and scup; Laurence 1979). Likewise 
the exponents obtained for Atlantic herring ranged 
between 3.8 and 4.7 (reviewed by Checkley 1984). 
Weights of fishes used to estimate the exponents 
in the other laboratory studies ranged between 20 
and 10,000 pg, whereas the northern anchovy 
weights ranged between 20 and 100 pg. Differences 
in growth rates occur as larval fish grow (Zweifel 
and Lasker 1976), and length-weight relations may 
change over the size range. Additionally, larval mor- 
phology is an obvious important component in the 
length-weight relation, and experimental variables 
may further complicate the relation. Moksness 
(1982) reported a low weight exponent of 2.6 for 
capelin, Mallotus villosu.s, from the field and from 
a large rearing basin. Both Atlantic herring and 
capelin larvae are similar in morphology to north- 
ern anchovy. 

In  previous laboratory feeding studies of larval 
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tinuous feeders, and at  the high prey concentration, 
high consumption rates reduced the gut residence 
time and decreased digestion (assimilation; Tables 
10, 11). At the lower prey concentration, the slower 
digestion time and increase in assimilation was not 
sufficient to compensate for the reduced consump- 
tion, and daily increase in weight, 15W,  was less 
than the weight increase on the high-density diet, 
21%. This result is similar to that in the recent study 
on assimilation by Pacific herring larvae fed Brachi- 
onus and Artemia (Boehlert and Yoklavich 1984). 
Using radioisotope tracers, Boehlert and Yoklavich 
found decreased assimilation a t  high food densities, 
but overall the larvae had a greater total energy gain 
at the high food densities because the higher food 
consumption more than compensated for the de- 
creased assimilation. 

Assimilation estimates, given here for northern 
anchovy larvae, fed two rotifer diets, averaged 53 
and 79Yo and are somewhat higher Lhan rates of 
39-6870, depending on prey density, given by Boeh- 
lert and Yoklavich (1984) for Pacific herring. The 
assimilation estimates for northern anchovy larvae 
may not be reliable because the estimate assumes 
that weight-specific metaholic rates of fish fed both 
diets were equal. In addition, I made no attempt to 
correct for activity or to partition the portion of food 
assimilated into parts lost as feces and urine. Buck- 
ley and Dillman (1982) developed a technique to 
measure nitrogenous wastes of larval flounder. 
Assimilation efficiencies of 65-7596 are commonly 
used in calculations of larval fish growth efficiencies 
(Ware 1975). 

Estimates of gross growth efficiencies are not 
compromised by the above concerns. Larval north- 
ern anchovy gross-growth efficiencies increased 
with age, indicating that an increasing fraction of 
the calories consumed was translated into growth 
(Tables 10, 11). I t  is unrealistic that growth effi- 
ciencies would continue to increase. Brett and 
Groves (1979) suggested that for older fish growth 
rates become asymptotic with time. Growth effi- 
ciencies given here (24-46'70) are consistent with 
growth efficiencies reported for other larval fish 
species (14-417'0 in Theilacker and Dorsey 1980) fed 
1,000 or more prey per liter; reported efficiencies 
are high and extremely variable. 

Direct observations of larval stomach contents 
showed that some rotifer-fed larvae fed a t  three 
times the average rate (C,,,,; Fig. 2). These fish 
may be the successful ones that survive in the field. 
Their high feeding rates would yield faster growth 
through the vulnerable larval stages. Feeding inten- 
sity also was highly variable for larvae eating cope- 

pods (Fig. 6), but the average number of copepods 
eaten was less than the average number of rotifers 
eaten (Table 2). 

. 
L I  

> 
0 

z n . 
0.0 l.o 2.0 3.0 4.0 8.0 7'0 8.0 10.O1l'o 12.0 

TIME(hours) 

FIGURE &-Number of copepod nauplii ohserved in stom- 
achs of 4.0-5.0 mm northern anchovy fed 2 copepoddml. 
Each point is one larva. 

Northern anchovy raised on copepods ate mainly 
Gymnodinium, augmenting their diet with copepod 
nauplii (Table 12). The stomachs of 96% of the 5-d- 
old larvae were full with Gymnodinium cells (Table 
6). Fish were obtaining 60-90% of their daily caloric 
intake from Gymnodinium. This is evident by com- 
paring the daily caloric intake (F,) for day 5-6 lar- 
vae of equal size or weight that were fed copepods 
(Table 12) with those fed rotifers (Tables 10, 1 1 ) .  
Consumption of 2-4 cellslminute can account for this 
energy input (4.2 x callGymnodinium cell 
[Vlymen 1977]), and successful feeding acts of this 
magnitude have been directly observed by Hunter 
(1981). Lasker and Zweifel(1978) developed a model 
(a modified version of Vlymen's [1977] model) to 
describe survival at sea in areas of various concen- 
trations and proportions of large and small prey and 
concluded that large prey made very little contribu- 
tion to survival of first-feeding larvae when suffi- 
cient (40 mL) small prey were available. As observed 
here, the ingestion of 10-20 copepod naupliilday in 
addition to small Gym,nodinium cells resulted in a 
growth rate of 0.35 mmlday, which is comparable 
to a rate of 0.37 mmlday reported for wild north- 
ern anchovy of similar age (Methot and Kramer 
1979), and lends additional credence to Lasker and 
Zweifel's (1978) hypothesis that survival of northern 
anchovy depends on patchy (layered) distributions 
of small, abundant prey like Gymnodinium. 

For all diets, an equivalent number of small prey, 
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TABLE 12 -Estimate of caloric input from copepods eaten by northern anchovy _ _  ~ - __ __. - ~~ ~- _ _  _ _  

A I 
~~~ 

Copepods 5 434 
2/mL 6 466  
and 7 499 

Gymnodmiurn 8 5 36 
9 5 75 ~ _ _ _ _  _ -  

Watching = Day 0 
21, = 3 06 goo’‘ 

3W = 0 297 I Z M  
‘f = F esV2 73 h (see text) 

W r 1 est 1obs F, F,,, F, 

2035 007  0 1 9 0 1 6  107 05 00052 
2499 0 10 028  030  155 06 00076 
3043 015 041 043  226  07 00111 
3739 023  062 068 344  09 00169 
4577 035  096 1 0 8  532  12 00261 

- - ~- - - 

~ ____ - _ _  
‘Average stomach contents calculaled lor I = >3 h. includes empty slornachs 
7+ = 12 r + E est 

8% body weight eatenld as copepods 
oCaloriesld copepods F, x 4 9 callmg (Table 1 )  

SEslimaled using equation in Table 3 

Gymnodinium cells, was available and the concen- 
tration of large prey was varied. Availability of large 
prey of a suitable size in the copepod diet was 10 
times the number available in the low-density rotifer 
diet. Because 4 mm (day 5) larvae fed copepods ate 
mainly Gymnodinium, and those fed the low-density 
rotifer diet ate mainly rotifers (Tables 2, 6), cope- 
pods nauplii must be more difficult to catch than 
rotifers, and consequently larvae consumed the 
more abundant Gymnodinium cells. Larvae which 
consume prey as they are encountered, rather than 
choosing a diet that maximizes the energy gained 
per unit foraging time, have been labelled “number 
maximizers” as opposed to “energy maximizer” in 
the parlance of Griffiths (1975) and Hughes (1979). 
Additional evidence that points to northern anchovy 
feeding as “number maximizers” is that, when prey 
of the proper size were available, their feeding rates 
paralleled prey abundance (Tables 10, 11). 

The energy budget I calculated for northern an- 
chovy fed rotifers at two concentrations gives in- 
formation on their growth requirements that can be 
translated to growth requirements in the field. My 
data support Boehlert and Yoklavich’s (1984) and 
Checkley’s (1984) conclusions that larval fish may 
exhibit a high growth rate or a high growth effi- 
ciency, but not both at the same time. Boehlert and 
Yoklavich studied Pacific herring, which are 2-4 
times the weight of northern anchovy, but like an- 
chovy feed continuously, and found that as consump- 
tion increased, the total amount of food assimilated 
continued to increase despite a decrease in the effi- 
ciency of the assimilation. Checkley studied Atlan- 
tic herring and found that the gross growth efficien- 
cies of Atlantic herring increased with increasing 
consumption, but he showed that the relation was 
peaked, and by incorporating results from the 
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literature for other species, he also described a 
decrease in growth efficiency a t  high consumption 
for larval fishes. 
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