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ABSTRACT: Laboratory experiments were conducted to study the effects of food concentration, 
turbulence and turbidity on growth and survival of striped bass larvae Morone saxatilis. Initial 
experiments indicated that striped bass larvae could forage and grow well (G = 0.143 to 0.179 d-l) at  
food concentrations ranging from 50 to 250 ind I-' of the copepod Eurytemora affinis and that growth 
was similar on Artemia sp. and E. affinis. Subsequent experiments tested effects of turbidity (50, 100, 
150 ppm kaolin), reduced light intensity (2000, 1000, 600, 300 lux) and turbulence, separately, and then 
reduced light intensity (450, 70, 12, 0.4 lux) in combination with turbidity (150ppm kaolin) and 
turbulence to determine how these variables moderate food requirements of striped bass larvae. 
Reducing light or adding turbulence reduced growth and forage rates, while adding turbidity in 
combination with turbulence apparently ameliorated some of the negative effects of the turbulence. 
Although growth studies indicated an energetic cost of turbulence, additional experiments comparing 
weight loss and starvation mortality in turbulent versus non-turbulent conditions showed no significant 
differences. A comparison of individual growth variability (G) in the turbidity (150 ppm) reduced light 
treatments and the treatment in total darkness without turbidity or turbulence showed that while 
average growth rates were positive, a portion of the individuals surviving until 25 d after hatch were 
either not growing or losing weight. Low light level in combination with turbidity and turbulence 
substantially reduced survival and growth rate, but even at very low light levels (< 1 lux) and darkness, 
striped bass were able to survive and grow. Results indicate that previous studies of critical food 
requirements of striped bass larvae may have overestimated necessary prey levels. Although striped 
bass larvae are well adapted for growth and survival in highly turbulent, turbid environments, 
encountering poor feeding conditions in the field is likely to greatly reduce their probability of survival 
to the juvenile stage. 

INTRODUCTION 

The striped bass Morone saxatilis is an anadromous 
fish of considerable commercial and recreational 
importance, especially within the Chesapeake Bay re- 
gion (USA) where a large portion of the East Coast 
stock of striped bass spawns. In recent years stocks of 
striped bass, as well as other anadromous species 
spawned in Chesapeake Bay tributaries, have 
declined. Seining surveys by Maryland Department of 
Natural Resources for juvenile striped bass indicate 
that these declines are probably the result of poor 
survival during the first 60 d of life (Boone 1980). A 
number of potential causes for population declines of 
Chesapeake striped bass have been proposed and 
studied, including overfishing (Goodyear 1985), dis- 
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ease, pollution (Hall et al. 1985, Westin et al. 1985), acid 
precipitation, starvation (Martin et al. 1985), predation 
(MacGovern & Olney 1988) and habitat loss or altera- 
tion (Coutant 1985, Price et al. 1985). Some hypotheses 
have been tested and discounted as major causes of the 
declines while others are difficult to test directly. A 
thorough understanding of how survival and growth 
are influenced by natural environmental variables (i.e. 
food resource, temperature, salinity, light) would 
greatly enhance correlative approaches to understand- 
ing mortality patterns of larval stages in the spawning 
tributaries. Consequently, considerable effort has gone 
into understanding the basic processes that determine 
the survival of striped bass larvae. 

Several pond and laboratory studies of striped bass 
larval survival have attempted to define critical food 
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levels, identify important foods and to estimate the best 
temperature-salinity conditions for survival and growth 
(Meshaw 1969, Doroshev 1970, Turner & Farley 1971, 
Otwell & Merriner 1975, Daniel 1976, Miller 1976, 
1978, La1 et al. 1977, Koo & Johnston 1978, Rogers & 

Westin 1979, 1981, Martin & Malloy 1980, Eldridge et 
al. 1981, Morgan et  al. 1981, Eldridge et  al. 1982). In 
many previous experiments, stocking densities of lar- 
vae were high and sizes of experimental tanks small (1 
to 9 l), 2 factors that can potentially affect feeding, 
growth and survival rates (Houde 1975, 1977, 
Theilacker 1980, Li & Mathias 1982). Such effects may 
have led to underestimates of survival rates and growth 
potential and overestimates of minimum required food 
concentrations. Furthermore, past studies have made 
no attempts to evaluate the potential effect of the 
highly turbulent-turbid conditions encountered by 
striped bass larvae within their spawning tributaries. 
Light penetration can be  limited to 2 to 3 m at  midday 
and turbidities are often in the range of 50 to 150 mg I-' 
in the spawning tributaries of Chesapeake Bay (Her- 
man e t  al. 1968, Schubel et  al. 1977, Miller 1978). 

Despite a large research effort devoted to under- 
standing striped bass larval growth and survival it is 
still not possible to state explicitly what levels of food 
are needed for good survival and growth of striped bass 
larvae in the field, particularly in relation to conditions 
in Chesapeake Bay spawning tributaries. During the 
1984, 1985 and 1986 spawning seasons w e  studied the 
effects of food type, turbidity, light and turbulence, on 
the growth, forage and survival rates of striped bass 
larvae in the laboratory 

MATERIALS AND METHODS 

One-day-old striped bass larvae Morone saxatilis 
hatched from eggs of Chesapeake and Delaware Canal 
striped bass adults were used for all the growth experi- 
ments. Larvae were held in large (76 1) well-aerated 
aquaria at 19 "C and 3 ?;X) salinity until 5 d after hatch- 
ing (5 DAH). On that day, when the larvae first began 
to feed, they were carefully transferred to experimental 
aquaria (32 1) at the same temperature and salinity as 
the stock tanks. Each tank was stocked initially at  a 
density of 4 larvae I-', a low enough density to accu- 
rately project growth and survival, and not mask effects 
of the treatment variables. Banks of cool-white fluores- 
cent lights were suspended over each aquaria and 
maintained on a 12 h light/l2 h dark cycle. The 
primary food for the growth studies was the estuarine 
copepod Eurytemora affinis. E affinis is an  important 
component of the zooplankton within spawning areas 
of striped bass and in the Potomac h v e r  was estimated 
to compose 56 % of the biomass in the diet of striped 

bass larvae (Setzler-Hamilton et al. 1982). In the 
laboratory we cultured large stocks of E. affinjs (2000 1 )  
at  densities up to 3000 1-' for the experiments. 

In 1985 and 1986 all treatments were maintained at  a 
food concentration of 100 1-'. Eurytemora affinis were 
stocked to maintain 70 % nauplii and 30 % copepodites 
and adults which approximates the ratio of their life 
stages in nature. In 1984, the striped bass larvae were 
fed copepods until 25 DAH. In 1985 and 1986, the 
larvae were fed copepods until 21 and 19 DAH, respec- 
tively, and then fed Arfemia sp. nauplii on the last 4 to 
6 d of the experiment due to a shortage of copepods. 

Automatic feeders were used to maintain food con- 
centrations near nominal levels during the experi- 
ments. Each feeder consisted of a reservoir and a 
solenoid controlled by a timer. Aeration within the 
reservoir kept the food organisms suspended and 
evenly distributed. The auto-feeders were set on a 14 h 
on/lO h off cycle beginning 1% h before the lighted 
period and continuing until !,i! h after the dark period 
began. Automatic feeding was initiated when the lar- 
vae fed at  rates where hand feeding could no longer 
maintain stable food concentrations. Counts of zoo- 
plankton in each experimental tank were made several 
times per day to monitor food concentrations and estl- 
mate feeding rates. 

In 1985, light intensity was reduced by wrapping 
each aquarium in black plastic and then covering it 
with a wood frame containing layered plastic screen- 
ing. By layering the screens illumination was reduced 
from 2000 to 1000, 600, and 300 lux (ca 20, 11, 6.1 and 
3.4 1tE m-' S-'). In 1986, light was reduced to 450, 70, 12 
and 0.4 lux (54, 0.9, 0.5, and 5.0 X 1oP3 6tE m-' S-') by 
using non-transparent PVC tanks with screened covers 
so light and turbidity-turbulence could be tested simul- 
taneously. Light was measured as quanta (uE m-2 S-') 

with a LiCor 185B and converted to photometric units 
by a conversj.on factor accounting for the vislble spec- 
trum of a fluorescent cool white bulb measured in the 
PAR waveband (400 to 700 nm). 

An additional pair of 38 1 aquaria were set up in total 
darkness to test the ability of striped bass larvae to feed 
and grow without light. The aquaria, covered com- 
pletely in black plastic, were placed on a rack that was 
also enclosed in black plastic. These aquaria were 
maintained in a controlled environmental chamber 
with the lights off to ensure total darkness. Measure- 
ment with the LiCor sensor confirmed that no measur- 
able light in the PAR waveband entered these aquaria. 

Kaolin was used to produce turbidities of 50, 100 and 
150 ppm (40, 90, 130 NTU). The kaolin was maintained 
in suspension by turbulent flow generated in specially 
constructed cylindrical aquaria (Fig. 1). The volume of 
water entrained by a bubble stream, calculated based 
on an established relationship between air-flow-rate 
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TURBULENCE TANK 

Air line f 

End view 

Fig. 1. Turbulence aquaria constructed of PVC and plexiglas. 
Tanks used in the reduced light treatment were constructed 
entirely of PVC. Turbulence was generated by air flow from 

an air line cemented to the bottom of the tank 

and water entrainment (Marks & Shreeve 1968), indi- 
cated that water within each tank was completely cir- 
culated at least every 7.3 S. The estimated mean veloc- 
ity within the high turbulence tanks was 6.3 cm S-' with 
a maximum velocity of ca 10 cm S-'. Because the kaolin 
was grazed by the copepods it was replaced every 4 d 
throughout the experiment by allowing it to settle and 
then siphoning the bottom of the tank. Every second 
day 50 O/O of the water in every tank was changed. On 
water change days the kaolin removed by the water 
change was replaced with fresh kaolin. The effect of 
turbulence was tested by having a set of aquaria with 
turbulent flow but without turbidity. 

At 3 d intervals 5 to 10 individuals were sacrificed 
and fixed in 5 % formalin for length-weight estimates. 
All surviving striped bass larvae were preserved at 
25 DAH. Subsamples of larvae were dried at 60°C for 
24 to 48 h depending on size, then reweighed to con- 
vert growth to a dry weight basis. Growth was esti- 
mated as G, the daily instantaneous growth coefficient: 

log - log W, 
G = 

t 

where Wl = initial weight (mg); W* = final weight 
(mg); t = time interval (d). 

The expected number of survivors in each experiment 
is the number that would have s u ~ v e d  had no larvae 
been sampled and preserved during the course of the 
experiment. Expected survivorship was estimated from 
the number of survivors and the numbers preserved 
following the method outlined in Houde & Lubbers 
(1986). 

The effect of turbulence on starvation rate was tested 
by placing 200 larvae in replicate turbulence tanks at 
6 DAH. At 11 and 16 DAH larvae were carefully 
removed, counted, 10 individuals sampled to estimate 
weight losses, and the remaining larvae returned. The 
experiment was terminated at 21 DAH and all survivors 
preserved in 5 % formalin. A control stock tank of 
starved larvae without turbulence was used to compare 
weight loss rates. Larvae sacrificed for weight loss 
estimates were dried at 60 'C for 24 h and weighed to 
the nearest pg. 

Experiments were completed over a 3 yr period with 
eggs and larvae from the same river system 
(Chesapeake and Delaware Canal), but from different 
females in different years which added a potential 
source of interannual variability in growth and survival. 
Interannual variability was examined by repeating 1 or 
2 treatments from the previous year to compare varia- 
bility between treatment years. 

RESULTS 

Both growth rates and survival rates were high for all 
treatments in the comparison of food concentration and 
food type (1984). Growth rates for striped bass larvae 
ranged from 0.143 to 0.179 d-' and were highest in the 
250 1-' Euqrtemora affinis treatment (Table 1).  Mortal- 
ity rates (Z) were low in all the treatments ranging from 
0.005 to 0.027 d-' (Table 1). The 100 1-' E. affinis and 
the 100 1-' Artemia sp. treatments were not signifi- 
cantly different, although survival rates were higher on 
Artemia (Student's t-test, p = 0.05). In 1985, turbidity, 
light intensity, and turbulence all significantly affected 
the growth of striped bass larvae over the first 25 DAH, 
but none of the factors had a significant affect on 
survival rate at a food concentration of 100 Eurytemora 
1-' (Table 1). Reducing light intensity under non-turbu- 
lent conditions significantly affected growth rate 
( l-way ANOVA, p = 0.05). Larvae grew faster when 
turbidity was combined with turbulence rather than in 
turbulence alone at a fixed light intensity (ANOVA, 
p = 0.05). The amount of turbidity did not significantly 
affect growth (Scheffe multiple range comparison, p = 

0.05). In 1986, instantaneous growth coefficients varied 
5-fold, ranging from a low of 0.021 d-' at the lowest 
light level (0.4 lux) to a high of 0.103 d-' in the 450 lux 
light-turbidity treatment. The results for turbulence 
without turbidity (0 ppm) were consistent with the 1985 
experimental result, indicating that growth and survi- 
val in the presence of kaolin turbidity and turbulence is 
better than in turbulence alone, although the reason for 
the effect is not clear. 

Larvae in total darkness grew surprisingly well with 
a mean growth coefficient (G) of 0.025 d-l. That treat- 
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Table 1. Morone saxatiljs. Comparison of 1984, 1985 and 1986 laboratory studies of growth and survival of striped bass larvae. All 
treatments were cultured at 100 zooplankton I-' in 1985 and 1986. Estimates are based on conversion to dry weight. Values are 

means and standard errors of 2 replicates 

Treatment Daily instantaneous Growth in length Daily instantaneous Expected percent 
grolvth coefficient (C)  (mm d-l) mortality coefficient (Z) survival 

Food concentration 
Euryternora affinis 
50 I-' 

100 I-' 
250 I - '  

Arten~ia sp. 
100 I- '  

Light only 
(2000 lux) 
(1000 lux) 
(600 lux) 
(300 lux) 

Turbulence-turbidity 
0 pprn (2000 lux) 

50 pprn (450 lux) 
100 pprn (450 lux) 
150 pprn (450 lux) 

Light-turbidity-turbulence 
450 lux - 150 ppm 
70 lux - 150 pprn 
12 lux - 150 pprn 
0.4 lux - 150 ppm 
2000 lux - 0 pprn 
Darkness - low turbulence 

" Estimate based on single rephcate 

ment also had the highest survival rate in 1986 
(Table 1). In general, survival rates were highest for 
treatments with the highest growth rates (with the 
exception of the tank held in darkness). Percent survi- 
val in 1986 ranged from 11.9 to 69.6 O/O, considerably 
lower than in the 1984 and 1985 experiments. 

Light intensity (lux) significantly affected growth 
(l-way ANOVA, p = 0.01) of striped bass, especially at 
low light levels (Table 1). Growth varied by more than 
5-fold over the range of light intensities that were 
tested. A comparison of results of the 1985 and 1986 
growth experiments (Table 1; Fig. 2) shows the impor- 
tance of light on growth. Above intensities of 600 lux, 
growth was fairly uniform at a given food concentration 
(Fig. 2). Below 600 lux growth rate declined and below 
50 to 100 lux growth declined dramatically, although 
many striped bass larvae survived, even at the lowest 
Light levels (0.4 lux). Growth in length ranged from 
0.03 mm d-l In the low llght (0 4 lux)-turbidity treat- 
ment to 0.39 mm d-' in the full llght (2000 lux) without 
turbulence or turbidity. 

Feeding rates were estimated based on daily food 
rations and the estimated numbers of larvae surviving 

Light level (lux) 

Fig. 2. Morone saxatifis. Daily instantaneous growth coef- 
ficients for all light intensities tested during 1985 and 1986 
growth experiments with striped bass larvae. A regression of 
the form Y = axb was fitted where a = 0.044 and b = 0.159 

(R2 = 0.82) 

on a given day. Because Eurytemora affinis were 
observed to survlve for a few days under the experi- 
mental conditions it was assumed that all the copepods 
added to each tank were consumed by the larvae. This 
assumption, along with the need to estimate the 
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number of larvae surviving each day, probably added 
significantly to the variability observed in the daily 
feeding rates. 

Typical feeding rates observed during the 1984 
experiments are depicted in Fig. 3a, b. During the first 

Days after hatch 

Days after hatch 

Fig. 3. Morone saxath .  Daily per capita feeding rates of 
stnped bass larvae fed the copepod Eurytemora affinis at food 
concentrations of 50 and 100 I - '  (1984). (a) Mean number of 
food items ingested per day; (b) dry weight estimate of bio- 

mass ingested 

few days of feeding, striped bass larvae ingested 5 
copepod nauplii to every copepodite or adult. For fast 
growing larvae, ingestion of nauplii ceased between 18 
and 21 DAH, after which only adults and large 
copepodites were eaten. In 1985, turbulence and 
reduced light level tended to reduce per capita inges- 
tion rates with highest ingestion rates in the full Light 
(2000 lux) treatment without turbulence or turbidity 
(Fig. 4a). Ingestion and growth rate were both gener- 
ally lower in tanks with high turbulence versus those 
with low turbulence (Fig. 4a), while turbidity (Fig. 4b) 
per se seemed to have no predictable effect on per 
capita ingestion rates over the range of turbidity tested. 
Feeding rates were not estimated in 1986 because in 
some of the treatments a significant number of 
copepods were lost due to natural mortality rather than 

Days after hatch 

5 10 1 5  2 0  

Days after hatch 

Fig. 4.  ~Morone saxatifis. Daily per capita feeding rates (pg dry 
wt ind-' d-') of striped bass larvae fed the copepod Euryte- 
mora afflnls under (a) vanous l ~ g h t  (2000, 1000, 600, 300 lux) 
and (b) turbidity (0, 50, 100, 150 ppm kaolin) conditions at a 
food concentration of 100 I - ' .  A regression of the form Y = ax" 

was fitted to each data set  

predation by striped bass larvae and the lower striped 
bass survival rates in 1986 would have increased the 
errors associated with estimating survivorship on any 
given day of the experiment. 

The principal goal of the starvation experiment was 
to test the influence of turbulence on weight loss and 
thus assess the effect of turbulence on starvation rate. 
Fig. 5 compares the expected percent survival rates in 
2 high turbulence tanks compared to a control with low 
turbulence. Although mortality rates were somewhat 
higher in the high turbulence tanks, the overall pattern 
of starvation losses was not statistically different 
(Mann-Whitney U-test, p = 0.05). A comparison of 
individual weight losses of s taning larvae from these 
same experiments demonstrated that weight loss rates 
were similar for larvae starved in a high turbulence and 
low-turbulence flow field (Fig. 6). The slopes of the 
regressions are estimates of individual daily dry weight 
loss rates. They were 4.44 pg d-' in high turbulence and 
4.28 pg d-' in low turbulence and were not statistically 
different (Mann-Whitney U-test, p = 0.05). 

Fig. 7a to e shows the frequency distributions of daily 



196 Mar. Ecol. Prog. Ser. 53: 191-200, 1989 

Days after hatch 

Fig. 5. Morone saxatilis. Expected percent survival of striped 
bass larvae starved in 2 turbulence tanks compared with a 

low-turbulence control 

240 - 
y = 264.88.4.4392~ R ' = 0.565 
y = 247 17 - 4.2801~ R m 0.593 A 

220 - 
- A Low lurbulence 

Ul 200- Turbulence 
I 

E 
0) 180- .- 
g 
2 160- 
P 

l60 - 

120, 

Days after hatch 

Fig. 6. Morone saxatjljs. Regressions of weight loss of striped 
bass larvae from 6 until 21 d after hatch in a hlgh turbulence 

versus a low-turbulence environment 

instantaneous growth coefficients (G) for each striped 
bass larva that survived until the end of the experi- 
ment. It is clear that at the lowest light levels (Fig. 7a to 
c) and in total darkness (Fig. 7e) that some individuals 
were not growing while others were growing substan- 
tially faster than the mean growth rate. A comparison 
of individual growth shows that 9.9 O/O of the survivors 
in the 0.4 lux treatment (Fig. ?a),  12.2% in the 12 lux 
treatment (Fig. 7b) and 15.6% in the total darkness 
treatment (Fig. 7e) were losing weight while 87.1 %, 
33.1 O/O and 59.3 O/O of the survivors in the 0.4 lux, 12 lux 
and darkness treatments, respectively, were growing 
between 0 and 4.1 % d-l. At 450 lux all the larvae were 
growing in excess of 6 % d-'. 

For each of the experimental years either 1 or 2 
treatments from the previous year were repeated to serve 
as a comparison for year to year variations in growth 
performance of the larvae. Between 1984 and 1985 no 
differences in growth coefficients was detected between 
the2 years, although growth in length was slightly better 

in 1985 at  100 Euryternora 1-' (t-test, p = 0.05). Between 
1985 and 1986 a strong difference in performance was 
detected (2-way ANOVA, p = 0.001). Growth in weight 
and in length were both significantly lower in 1986. 

DISCUSSION 

Growth and foraging 

A logical question to ask based on these laboratory 
results is 'What is the probability of a striped bass 
larvae starving in the field and how important is larval 
nutrition to the recruitment process of striped bass?' 
Several previous studies of growth and nutrition of 
striped bass larvae have asked this question and sug- 
gested that on average there is not enough food in 
spawning tributaries to support striped bass larval sur- 
vival unless larvae locate dense patches of food. Com- 
parison of methodologies used in previous studies with 
the growth studies presented here suggests that previ- 
ous studies probably overestimated the food require- 
ments of striped bass larvae because they (1) stocked 
fish at densities too high for optimal growth, (2) used 
experimental tanks that were too small, (3) did not 
maintain food concentration constantly at  the intended 
level, and (4) did not account for the complexity of the 
field conditions a larva is likely to encounter. 

Typical densities of those zooplankton commonly 
eaten by striped bass larvae in Chesapeake tributaries 
range from 25 to 500 1-' and average 100 to 200 1-' 
(Beaven & Mihursky 1979, Setzler-Hamilton et al. 
1982). Miller (1976) estimated that a food concentration 
of 1864 Artemia 1-' would be required to meet the 
minimum daily ration of first-feeding striped bass lar- 
vae. Eldridge et  al. (1982) estimated the food require- 
ments to be an order of magnitude higher than the 
abundance of food organisms in nature. Both groups of 
investigators speculated that such high requirements 
might be  met in nature by encountering dense patches 
of food. Density gradients and patchiness exist in 
plankton communities and zooplankters, including fish 
larvae, concentrate along frontal areas or other physi- 
cal features within estuaries. However, evidence pre- 
sented here indicates that striped bass larvae are capa- 
ble of significant ingestion, growth and survival when 
food levels are near the mean ambient levels found in 
Chesapeake Bay tributaries. Encountering dense 
patches of food is obviously not the entire explanation 
for the survival and growth patterns of striped bass 
larvae observed in the field. Dense patches of food will 
convey a greater opportunity for feeding success. How- 
ever, striped bass larvae can forage and grow ef- 
fectively on relatively low food concentrations and 
under extremes of light, turbidity and turbulence. 
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0.4 Lux growth 
4 o f . . . . . . . . . . . -  , , 450 Lux ,growth 

.r 

lnstantaneous growth(<;) lnstantaneous growth(<;) 

12 Lux growth 
2 4 . ~ .  . . .r No light growth 

I 

lnstantaneous growth(<;) lnstantaneous growth(<;) 

Fig. 7 .  Morone saxatilis. Frequency of individual daily instan- 
taneous growth coefficients (G) of striped bass larvae grown at 
(a to e respectively) 0.4, 12, 70 and 450 lux w ~ t h  turbulence 
and turbidity and in total darkness without turbulence or 

turbidity. Shading contrasts positive and negative growth 

lnstantaneous growth(<;) 

and survival was higher on Arternia nauplii than on 
their natural prey Euryternora affinis. The high survival 
rates of striped bass larvae fed Artemia (Table 1) was 
probably related not to quality, but to ease of capture of 
these prey by first-feeding larvae. When feeding on 
Artemia, striped bass larvae typically 'gulp' their prey, 
but they switch to an  S-start when attaclung copepod 
nauplii and adults (pers, obs.). The variability in attack 
success inherent in different prey types may be  a n  
important factor to consider in the future if laboratory 
estimates of feeding rate are to b e  applied to under- 
standing food requirements of larval fish in the field. 

Feeding rates reported here for first feeding yolk-sac 
larvae of 40 to 80 mg dry wt d-' or 45 nauplii and 6 or 7 
copepodites and adult copepods fall within the range 
reported previously for both laboratory and field 
caught larvae (Miller 1978, Eldridge et al. 1982). The 
results indicate that good growth and survival are pos- 
sible in the laboratory at  food concentrations normally 
found in Chesapeake tributaries. Houde & Lubbers 
(1986) had previously cultured striped bass larvae at  
100 Artenlia 1-' with high growth and survival rates. 
Results reported here show that good growth and survi- 
val are also possible on one of their natural prey items, 
even when adverse factors such as turbidity, turbu- 
lence and low light are considered. 

Differences between my results and those previously 
reported may in part be due to the lower inherent food 
value of some strains of Arternia spp. (Watanabe et al. 
1983). In my experiments, growth was equally good 

Light, turbulence, turbidity 

Fish larvae are generally considered to be predomi- 
nantly sight feeders (Hunter 1981). Several inves- 
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tigators have reported that reducing light level reduces 
forage efficiency of fish larvae (Blaxter 1966, 1986, 
Hunter 1968, Kiyono & Hirano 1981). Thus, reducing 
light levels sufficiently would be expected to reduce 
growth and forage rates as was observed (Table 1; Fig. 
3).  There is evidence in the literature to suggest that 
striped bass larvae can feed in very low light or no light 
(McHugh & Heidinger 1977) - a result confirmed in the 
present study. The mechanism for feeding in the dark 
is not clear. Herring juveniles Clupea harengus swim 
faster and adopt a filter feeding strategy when forced to 
feed in the dark on Artemia nauplii (Batty et al. 1986). 
Although filter feeding cannot be ruled out it seems 
unlikely that a first feeding striped bass larva would be 
able to filter an active prey, such as copepods, at such 
low food densities. Hence, a mechano- or chemosen- 
sory strategy seems most likely for striped bass larvae. 

The mortality pattern and the weight loss rates 
observed in the starvation experiments agreed well 
with patterns observed in previous starvation experi- 
ments with striped bass larvae. For example, Rogers & 

Westin (1981) found that striped bass larvae starved to 
death in 29 d at  18OC and 21 d at 21 "C. Eldridge et  al. 
(1981) observed complete starvation of a laboratory 
population of striped bass larvae in 29 d at 18OC. A 
comparison of my growth and starvation data with 
previous studies suggests that while turbulence may 
add a minor energetic cost via swimming to a growing 
and foraging larva, the metabolic cost of temperature is 
likely to be the most important environmental factor 
likely to affect weight loss in a first-feeding striped bass 
larvae (Rogers & Westin 1981). 

Observed effects of turbidity on striped bass larvae 
were not as expected based on previous studies of fish 
foraging in turbid environments. Intuitively, turbidity 
should reduce the prey field of a predator by reducing 
light and visibility and thus the number of successful 
encounters. Narrowing of the prey field by turbidity has 
been reported for bluegill Lepomis macrochirus (Viny- 
ard & O'Brien 1976) and flounder Platichthys flesus 
(Moore & Moore 1976). Swenson & Matson (1976) 
reported no reduction in feeding rate by larval lake 
herring Coregonus artedii at moderate turbidities (28 
ppm), but they did note that larvae aggregated closer to 
the surface in turbid water. Boehlert & Morgan (1985) 
studied larval Pacific herring Clupea harengus pallasi 
and found enhancement of feeding at moderate to high 
turbidities (500 to 1000 ppm). They attributed this result 
to increased prey contrast and noted that larvae may 
have been distributed close to the surface in their 
experimental tanks, perhaps in response to low light. 
Mathews (1984) reported a similar pattern for distribu- 
tion of shad larvae Dorosoma spp. in response to high 
turbidity in Lake Texoma (Oaklahoma, USA). He specu- 
lated that concentration of shad larvae in the surface 

layer may have been a response to low light caused by 
the high turbidity. A similar response may have caused 
enhancement of feeding in the experiments with Pacific 
herring, especially if food organisms were redistributed 
close to the surface in response to light level. 

Narrowing of the prey field by turbidity and its effect 
on foraging ability may be a matter of scale of perception 
rather than differences in visual acuity. The effect would 
be greatest for juvenile and adult fish which perceive 
and attack prey at relatively great distances compared 
to larvae. For example, planktivorous fish foraging in a 
prey field of 100 prey l-' will be within 1 to 2 cm of a food 
particle at all times if the food is randomly distributed 
(Gallagher & Burdick 1970). Reported prey fields for 
larvae typically range from l mm to centimeters 
(Rosenthal & Hempel 1970, Blaxter & Staines 1971, 
Hunter 1972). Reaction distances for juvenile and adult 
planktivorous fishes such as bluegill, white crappie, 
grayling, and brook trout range from 8 to 30 cm depend- 
ing on the species, ambient light and turbidity (O'Brien 
1987). If turbidity were to limit prey visibility such that 
zooplankton prey were only visible at a few centimeters, 
it would have little effect on a larval fish (as long as light 
were sufficient) whereas the effect on the perception of 
prey by juveniles would be dramatic. Turbidity per se 
would in theory have little effect on feeding of larvae 
except as it influences light attenuation, while light 
intensity should have a strong influence on foraging by 
larval, juvenile and adult fishes. 

The turbidity and light results support the conclusion 
that the major effect of turbidity on striped bass larvae 
may be to reduce the light levels needed to feed effec- 
tively, rather than reducing forage rates by reducing 
the prey field. The size and the shape of the prey field 
will be substantially different in turbulent than in still 
waters regardless of turbidity level. The effectiveness 
of a predator under those conditions will depend on its 
ability to maneuver and adapt its attack strategy in the 
turbulent-turbid conditions. It appears that Mansueti 
(1961) was correct when he suggested that striped bass 
larvae are well adapted to the highly turbid-turbulent 
conditions of the Chesapeake Bay tributaries. 

Individual growth variability 

Treatment means provide a good representation of 
the average effects of the treatment variables, while 
variation about those means potentially provides the 
greatest insight into the probability of an individual 
larva's success or failure. It is important to look at 
individual growth variability in these experiments 
because the duration of the experiment was until 
25 DAH and striped bass larvae can survive in a totally 
starved condition for 20 to 30 d (Rogers & Westin 1979, 
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Eldr idge e t  al. 1981) .  Whi le  final survivorships  in a 

25 DAH e x p e r i m e n t  m a y  no t  a d e q u a t e l y  reflect  c h a n c e s  

for l ong- t e rm survival ,  shor t - term expe r imen t s  a r e  

a d v a n t a g e o u s  in  tha t  t he  r a n g e  of individual  g r o w t h  

pa t t e rns  of survivors  u n d e r  a g iven  se t  of env i ronmen ta l  

condi t ions  c a n  b e  c o m p a r e d  a n d  predic t ions  m a d e  

a b o u t  e a c h  individuals  re la t ive  probabili ty of survival.  

Env i ronmen ta l  variabil i ty is  p re sumab ly  smal l  i n  t h e  

laboratory  c o m p a r e d  to t h e  field,  especia l ly  for a g iven  

repl ica te  wi thin  a t r ea tmen t .  T h u s ,  t h e  obse rved  var ia-  

bility is  a combinat ion of individual  g rowth  variabili ty 

a n d  variabili ty b e t w e e n  repl ica tes .  His tograms of indi -  

v idual  g rowth  variabili ty s h o w e d  tha t  g r o w t h  r a t e s  of 
individuals  can b e  qu i t e  var iable ,  e v e n  w h e n  exper i -  

m e n t s  a r e  d e s i g n e d  to minimize  variabil i ty (Fig .  7 ) .  
W h e n  variabili ty in  food concentra t ion is  c o m b i n e d  

wi th  o the r  sources  of env i ronmen ta l  variabil i ty t h a t  

affect f eed ing  a n d  g rowth  (l ight,  turbidity,  t e m p e r a -  

tu re ) ,  t h e n  it b e c o m e s  c l ea r  t ha t  food,  t h rough  its  influ- 

e n c e  o n  g r o w t h ,  p l ays  a ma jo r  role i n  t h e  probabi l i ty  of 
survival  for a g iven  s t n p e d  b a s s  larva .  In  t h e  p resen t  

expe r imen t s  s o m e  physical  var iables  w e r e  t e s t ed  a t  a 
s ingle  food concentra t ion of 100  o rgan i sms  1-l. S o m e  

l a rvae  su iv ived  a n d  g r e w  u n d e r  all condi t ions  t e s t ed ;  

h o w e v e r ,  w e  d id  no t  tes t  ex t r emes  of food concentra t ion 

in  combinat ion wi th  low l ight  a n d  turbidity.  In t h e  field,  

concentra t ions  of food o rgan i sms  typically r a n g e  from 

100 to 200 zoop lank ton  1-' b u t  a r e  temporal ly  a n d  

spatially var iable ,  potentially r a n g i n g  d o w n  to 5 to 10  

zoop lank te r s  I- '  (He in le  e t  a l .  1979) .  Predators  o n  fish 

l a rvae  a r e  a lso  a factor potentially in teract ing wi th  

g rowth  r a t e  to limit t h e  n u m b e r  of l a rvae  r e a c h i n g  t h e  

juvenile s t a g e ,  especia l ly  w h e n  t h e  l a rvae  a r e  suscept i -  

b l e  to s t a g e  or  s ize  specific p reda t ion  effects ( H o u d e  

1986,  1987) .  T h e  t empora l  a n d  spat ia l  variabil i ty of food 

o rgan i sms ,  e x t r e m e s  of physical  condi t ions ,  individual  

g rowth  variabili ty,  a s  well  a s  losses  to p reda to r s  c a n  all  

in teract  to d e t e r m i n e  t h e  success  of a g i v e n  y e a r  class.  
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