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Abstract
The southern flounder Paralichthys lethosligrna is a high-valued flatfish found in estuarine
and shelf waters of the south Atlantic and Gulf coasts of the United States. Wide temperature
and salinity tolerances exhibited by juveniles and adults make it a versatile new candidate
for commercial culture, and studies are underway in the southeastern U.S. to develop hatchery methods for this species. The objectives of this study were to establish illumination and
salinity conditions that optimize growth and survival of larval southern flounder reared
through the yolk-sac and first feeding stages to 15-d post-hatching (15 dph). Early embryos
were stocked into black 15-L tanks under light intensities of 5, 50, 100, and 1,OOO Ix and a t
salinities of 24 and 34 ppt in a 4 X 2 factorial design. Significant (P < 0.05) effects of both
light intensity and salinity on growth and survival were obtained, with no interaction between
these effects. On 11 dph and 15 dph, growth was generally maximized a t the intermediate
light intensities (50 and 100 Ix) and minimized a t the extremes (5 and 1,000 Ix). By 15 dph,
growth was higher a t 34 ppt than a t 24 ppt. Survival to 15 dph showed trends similar to
those of growth. Survival was higher a t 100 Ix (avg. = 46%, range = 4 1 4 4 % ) than a t 5 Ix
(avg. = 11%, range = 6-17%) and higher a t 34 ppt (avg. = 43%, range = 3 1 4 5 % ) than a t
24 ppt (avg. = 17%, range = 8-38%). Whole-body osmolality (mOsmoVkg) was significantly
lower in larvae reared a t 24 ppt (avg. = 304, range = 285-325) through 11 dph than in
larvae reared a t 34 ppt (avg. = 343, range = 296405). Larvae reared under the extreme
light intensity treatments (5 and 1,000 Ix) a t 34 ppt appeared to exhibit osmoregulatory stress,
particularly on 11 dph, when a marked increase in whole-body osmolality was observed. The
mid-intensity treatments (50 and 100 Ix) a t 34 ppt optimized growth and survival of larval
southern flounder in this study; and elicited the most stable osmotic response. These conditions appear to be consistent with those that southern flounder larvae encounter in nature
during this early developmental period.

The commercial and recreational impor- As light levels decrease to darkness, feedtance of the southern flounder Paralichthys ing efficiency is greatly reduced (Huse
lethostigma (Powell and Schwartz 1977; 1994). Conversely, high light regimes may
Stokes 1977; Gilbert 1986), and the eury- stimulate larval activity, and thus increase
haline nature of juveniles and adults (Pow- metabolic rates (Ware 1975; Laurence
ell and Schwartz 1977; Rogers et al. 1984; 1977). Limited information describing the
Guindon and Miller 1995), make it an at- effects of light intensity during the pretractive candidate for aquaculture in both metamorphic stages of southern flounder
coastal and inland locations (Waters 1996). larvae exists. Previous research has sugMost larval marine finfish hunt by sight gested that relatively high light intensities
and are highly dependent upon light levels within the range of 457-1,362 Ix may not
in their environment (Blaxter 1968b, 1969). significantly affect the growth or survival
rates of larvae reared from 6 dph (6 d posthatching) through metamorphosis (Denson
I Present address: Bears Bluff National Fish Hatchand Smith 1997), while a similar range
ery, United States Fish and Wildlife Service, Post Office Box 69, Wadmalaw Island, South Carolina 29487 (320-1,600 Ix) did not significantly affect
growth or survival of larvae reared from 25
USA.
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dph through metamorphosis (Daniels et al. ern flounder reared through the yolk-sac
and first feeding stages to 15 dph.
1996).
The euryhaline nature of some flatfish
Materials and Methods
species has increased interest in identifying
salinity conditions that optimize growth and
Experimental Animals
development. There is evidence that lowTwo experiments were conducted at the
salinity tolerance of larval summer flounder
University of North Carolina at Wilmingincreases as development progresses from ton’s Center for Marine Science Aquaculhatching through metamorphosis (Watanabe ture Facility (Wrightsville Beach, North
et al. 1998; Specker et al. 1999). In south- Carolina, USA) from 17 March through 02
ern flounder, a similar increase in low-sa- April 1999 (Experiment 1 ) and from 03
linity tolerance with larval development has February through 19 February 2000 (Exalso been reported. Incubation salinities periment 2). Adult southern flounder were
ranging from 10-35 ppt did not affect the maintained in controlled-environment
hatching rate of southern flounder embryos, broodtanks supplied with recirculating seaalthough 10 ppt impaired larval survival af- water. Fish were maintained under a natural
ter hatching (Smith et al. 1999a). Survival photothermal cycle and spawned naturally
of metamorphic stage fish was not adverse- or were induced to spawn using luteinizing
ly affected by salinities as low as 20 ppt hormone releasing hormone-analogue
(Daniels et al. 1996), while juveniles were (LHRH-a) (Berlinsky et al. 1996; Smith et
tolerant to fresh water (Daniels and Borski al. 1999b; Watanabe et al. 2001).
1998; Smith et al. 1999a). There is little or
Expe rimenta l System
no information concerning the effects of salinity o n growth and survival of early stage
Experiments were conducted in a consouthern flounder larvae from yolk-sac to trolled-environment laboratory. Larvae
pre-metamorphic stages.
were reared in cylindrical black plastic larSouthern flounder are thought to migrate val rearing tanks (working volume = 15 L),
to offshore waters where spawning occurs which were placed in one of four temperin nature (Gilbert 1986). Adults are found ature-regulated water baths ( 1 52 c m X 61
at depths ranging from 18-62 m (60-200 cm X 23 cm). A constant water temperature
ft) during the spawning season in the Gulf was maintained by continuous recirculation
of Mexico (Stokes 1977). Since light is rap- through a heat pump coupled with conidly attenuated in water with depth (Champ trolled air temperature.
et al. 1980), eggs and early southern flounLight was supplied to experimental units
der larvae are presumably well adapted to in each water bath by 40-W full-spectrum
low illumination levels and a stable high- fluorescent bulbs in light hoods (152 cm X
salinity environment, while post-metamor- 65 cm X 19 cm) suspended above each
phic southern flounder larvae are found in bath. Light intensity was controlled by adestuarine nursery grounds (Burke et al. justing the height of each hood and by the
1991 ) where low-salinity tolerance is ben- use of shade cloth. Each hood was sureficial. Based on natural distributions, it rounded by a curtain of black polyethylene,
was hypothesized that growth and survival which eliminated extraneous light. A timer
of early stage southern flounder larvae was used to provide a controlled 12-h light:
would be optimized under low light inten- 12-h dark daily photoperiod.
sities and in full-strength seawater. The obExperimental Design
jectives of this study were to determine illumination and salinity conditions that opExperiment I . A 4 X 2 factorial experitimize growth and survival of larval south- ment was conducted to determine the ef-
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fects of light intensity and salinity on the
growth and survival of larvae from 1-d
post-hatching (1 dph) through 15 dph. Developing embryos (blastula stage) obtained
from a natural spawning on 15 March 1999
were incubated in 34 ppt seawater at 16 C.
Fertilization rate was 89.2%. Approximately 24 h before hatching, buoyant embryos
(neurula stage) were stocked at a density of
26 embryosn into 32 larval rearing tanks
at 16.5 C, under light intensities of 5, 50,
100, and 1,000 lx, and salinities of 24 and
34 ppt. There were four replicate tanks for
each treatment combination of light intensity and salinity. Larvae were reared in a
“clear water system” (i.e., with no background algae) from hatching through the
yolk-sac and first feeding stages to 15 dph.
Seawater (34 ppt), obtained from the Atlantic Intracoastal Waterway adjacent to
Wrightsville Beach was filtered to 1 p m and
treated with UV light before use. The 24ppt treatment was prepared by diluting filtered seawater with chlorine-free fresh water. Water lost to evaporation was replaced
with fresh, chlorine-free water. Each tank
was supplied with aeration through airstones at approximately 30 mL/min, a level
that maintained all eggs in suspension.
Temperature was gradually increased over
the course of the experiment at an average
rate of 0.7 C/d, from 16.5 C at stocking to
18.0 C on 15 dph, approximating temperatures similar to those that early southern
flounder larvae experience in the wild
(Miller et al. 1991).
Feeding

Beginning on 2 dph, larvae were fed rotifers cultured in the laboratory at a temperature of 23-25 C. Rotifer cultures were
maintained at 30 ppt to minimize osmotic
stress when they were added to the larval
culture media of 24 and 34 ppt. Rotifers
were enriched daily with a preserved microalgae paste Nannochloropsis oculata (Reed
Mariculture, San Jose, California, USA)
twice (6 and 18 h before feeding), and once
(6 h before feeding) with a commercially

prepared diet (Culture Selco, Inve Aquaculture Inc., Grantsville, Utah, USA) to improve their nutritional value to fish larvae
(Lubzens 1987; Sargent et al. 1997). Rotifers were harvested each morning, acclimated to 18 C over a period of approximately 3 h (0.5 CAI), and thoroughly rinsed
with filtered seawater (30 ppt) before their
addition to the larval rearing aquaria.
Feeding began on 2 dph, approximately
36-48 h before the first-feeding stage, in
order to familiarize the larvae with their
prey and to ensure their availability to the
larvae upon the commencement of exogenous feeding. Enriched rotifers were
stocked into each tank at an initial density
of 10 rotifers/mL, which was maintained by
quantifying rotifers in each culture vessel
daily and adding the appropriate number of
enriched rotifers to make up the difference.
Growth and Survival Determination

To monitor larval growth and survival,
larvae were sampled from each replicate
tank on 1, 4, 7, 1 I , and 15 dph by vigorously aerating each tank to ensure a uniform distribution, then sampling a known
volume of water until approximately I0 larvae were removed. Water removed during
sampling was replaced daily with water of
the appropriate salinity to maintain treatment conditions, and that lost to evaporation was replaced with fresh, chlorine-free
water. Larval sampling for data collection
was initiated at approximately the same
time (0800 h) on each sampling day. Survival, notochord length, and feeding data
were recorded from anesthetized (0.3-0.5
ppt phenoxyethanol) fish. Living larvae
were distinguishable by the presence or absence of a heartbeat and appearance. On the
last sampling day (15 dph), larvae were
gently rinsed with deionized water on a Nitex screen, blotted dry, stored in a freezer
and later dried in a laboratory oven at 62 C
for 3 d. Larval dry weights were determined using a Sartorius (Goettingen, Germany) electrobalance.
Notochord lengths were measured using
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a microscope fitted with an ocular micrometer. Survival rate (determined as a percentage of fertilized eggs stocked and adjusted for sampling) was recorded by noting
the number of live and dead larvae in each
sample, and feeding rate was determined by
visual examination of the larval gut. Sampling continued through 15 dph, when larval mouth-gape appeared large enough to
consume newly hatched Artemia.
Water Quality

Salinity (salinity refractometer, 2 1 ppt)
and temperature (YSI 55, Yellow Springs,
Ohio, USA, -t 0.1 C) were measured in
each replicate daily. Light intensity, also recorded daily, was measured at the water’s
surface of each tank with a light meter (Extech Instruments, Waltham, Massachusetts,
USA). Dissolved oxygen (YSI 55, Yellow
Springs, Ohio, USA, 2 0.01 mg/L) and pH
(Oakton pH Tested, ? 0.1) were measured
daily from one replicate tank per treatment,
and total ammonia-nitrogen (TAN) was
measured every other day (Hach DR 850,
Loveland, Colorado, USA, 2 0.01 mg/L).
Airflow (30-40 mL/min) to each aquarium
was monitored daily with a flow meter
(Cole-Parmer Instrument Company, Vernon
Hills, Illinois, USA, ? 1 mL/min) and adjusted as needed. During the experimental
period, mean (range) light intensity (Ix) was
6 (5-7), 55 (45-65), 102 (91-1 13), and 995
(843-1,116) at the treatment levels of 5, 50,
100, and 1,000 Ix, respectively. Salinity
(ppt) averaged 25 (24-26), and 34 (33-34)
at treatment levels of 24 and 34 ppt, respectively. Mean (range) daily water conditions were as follows: temperature (C),
17.6 (16.5-1 8.2); total ammonia-nitrogen
(mg/L), 0.07 (0.01-0.18); pH, 8.15 (8.038.23); and dissolved oxygen (mg/L), 7.24
(6.90-7.4 1).
Anulytical Methods

Quantitative values are expressed as
treatment means or treatment means ?
SEM. The effects of light intensity and salinity, and their interaction, were tested us-
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ing two-way ANOVA. If no interaction was
detected, salinity treatments were combined
within light treatments and light treatments
were combined within salinity treatments
for further analysis. Significant treatment
effects were followed by the Tukey-Kramer
Honestly Significant Difference test for
multiple comparisons among means. For
feeding percentage data, arcsine transformation was performed before analysis.
Analyses were performed using JMP (SAS
Institute Inc., Cary, North Carolina, USA)
statistical software.
Experiment 2

In a second experiment, a 4 X 2 factorial
design was used to determine the effects of
light intensity and salinity on the growth,
survival, and whole-body osmolality of larvae from 1 dph through 15 dph. Fertilized
eggs (fertilization rate = 93.4%) obtained
from strip-spawning of LHRH-a-treated females on 01 February 2000 were incubated
at 16 C in 34 ppt seawater. Approximately
24 h before hatching, buoyant embryos
(neurula stage) were stocked at a density of
11 e m b r y o sn into 32 larval rearing tanks
containing 15-L culture medium at 17.2 C.
Temperature was gradually increased from
17.2 C to 17.8 C over the course of the
experiment at an average rate of 0.04 C/d.
Treatments consisted of four light intensities of 5 , 50, 100, and 1,000 Ix and two
salinities of 24 and 34 ppt. There were four
replicate tanks per treatment.
Larval rearing and sampling protocols
for Experiment 2 were the same as in Experiment 1, with the following exceptions.
Due to limited availability, stocking densities of both southern flounder embryos and
rotifers were lower in Experiment 2 than in
Experiment 1. Rotifers were added to the
larval rearing tanks on 3 dph at a density
of five rotiferdml and were maintained at
an average density of approximately seven
rotifers/mL throughout the experiment. Larval growth was monitored on 11 dph and
15 dph.
Larval whole-body osmolality (Tornheim
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1980; Tandler et al. 1995) was measured in
each replicate tank on 1, 7, 11, and 15 dph
with a vapor pressure osmoineter (VPO)
(Wescor 5520, Logan, Utah, USA). To obtain osmometry data, groups containing six
to eight larvaeheplicate were collected on
a nitex sieve, gently rinsed with deionized
water for 10 sec, blotted to remove excess
solution, and equilibrated in the osmometer
chamber for 30 min before taking a reading.
During the experimental period, average
(range) light intensity (Ix) was 6 (5-7), 51
(40-61), 99 (84-110), and 1,015 (8331,155) at the treatment levels of 5, 50, 100,
and 1,000 lx, respectively. Salinity (ppt) averaged 24 (23-24), and 33 (33-34) at treatment levels of 24 and 34 ppt, respectively.
Mean (range) daily water quality conditions
were as follows: temperature (C), 17.6
(17.2-17.9); total ammonia-nitrogen (mg/
L), 0.03 (0.00-0.08 mg); pH, 8.08 (8.078.09); and dissolved oxygen (mg/L), 6.43
(6.34-6.54).

Results
Growth-Experiment I

N o interactive effects (P > 0.05) between light intensity and salinity on growth
(i.e., notochord length or dry weight) were
observed on any sampling date during this
study. Hence, to facilitate analyses, the effects of light intensity on growth were compared by combining data for both salinities,
while the effects of salinity were compared
across all light intensities.
Significant effects of light intensity on
notochord length were observed on I , 11,
and 15 dph (Fig. 1A). While no significant
salinity effects were observed for the duration of the study, a sharp increase in
growth was observed after 11 dph (Fig.
IB). On 1 dph, notochord lengths ranged
from 3.33 to 3.49 mm among light treatments (Fig. l A , Table I). Larvae were significantly larger ( P < 0.05) in the high intensity treatments of 100 and 1.000 lx
(3.47-3.49 mm) than in the low intensity
treatments of 5 and 50 lx (3.33-3.34 mm).

Treatment differences in notochord lengths
were n o longer evident (P > 0.05) on 4 dph
and 7 dph, when mean values were 3.41
and 3.63 mm, respectively. On 1 1 dph, notochord lengths ranged from 3.38 to 3.87
mm among light treatments and were significantly ( P < 0.05) greater in the midintensity 50- and 100-Ix treatments (3.813.87 mm) than in the low intensity 5-Ix
treatment (3.38 mm). This was related to
the little or no growth from 7 dph to 11 dph
at 5 Ix and 1,000 Ix (Fig. 1A).
On 15 dph, notochord lengths averaged
4.3 1 mm and ranged from 4.06 to 4.52 mm.
Among light treatments, notochord lengths
were significantly higher in the 50- and
100-Ix treatments (4.38-4.52 mm) than in
the 1,000-IX treatment (4.06 mm). On 15
dph, no significant effects of light intensity
on larval dry weights (mean = 86.0 pg)
were observed, while the effects of salinity
were significant (P -=c0.05), and there was
no interaction between these effects. Larval
dry weights across all light intensities were
significantly (P < 0.05) greater at 34 ppt
(91 2 4.0 pg) than at 24 ppt (76 t 6.0 pg).
Survival-Experiment I

While significant effects of light intensity
and/or salinity on larval survival were observed from 7 dph, no interactive effects
were evident during the study. Survival
across both salinities was generally higher
in the mid-intensity 100-Ix treatment than
in the 5-, 50-, o r 1,000-1x treatments
throughout the experiment (Fig. 2A). Significant effects of light intensity on survival
were not evident until 11 dph (0.05 < P <
0.07) and 15 dph ( P < 0.05). On 15 dph,
survival ranged from 1 1 .O to 46.4% among
light intensities and was significantly higher
under the 100-1x treatment than in the 5-1x
low intensity treatment.
Under all light intensities, significant (P
< 0.05) effects of salinity on survival were
evident from 7 dph through 15 dph, when
survival was clearly higher at 34 ppt than
at 24 ppt (Fig. 2A). On 15 dph, survival
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FIGUREI . Notochord lengths of southern Pounder larvae from d I through I5 dph under different ( A ) light
intensities ( 5 . 50. 100, and 1,000 I x ) und ( B )salinities (24 and 34 p p t ) in Experiment I . Plotredpoints represent
means 5 SE ( N = 8 and 16 in Figs. IA and IB, respectively). Data for borh salinities were combined under
each light intensity in Fig. IA. while data for all light intensities were combined under each salinity in Fig.
IB. “Asterisk” indicutes signifcant (P < 0.05) differences among treatments observed on that sampling date.

across all light intensities at 34 ppt was
42.7% compared to 16.7% at 24 ppt.
Feeding-Experiment

I

Based on morphological development
(open mouth, intact digestive tract, pigmented eyes), fish from the 100-Ix treatment under both salinities reached the first-

feeding stage by 4 dph. This was supported
by gut content analysis, which revealed rotifers in the stomachs of some larvae for the
first time on 4 dph (Fig. 3A). On 4 dph,
2.5% of larvae in the 100-Ix treatment were
feeding, while no feeding larvae were observed in the other treatments. By 7 dph,
fish from all treatments were observed to
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TABLE1. Notochord lengths (mm) (mean 2 SE, N = 8 ) of southern flounder larvae on I , 4 , 7, 1 1 , and 15
dph under different light intensities (5, 50, 100, and 1,000 I x ) in Experiment 1. Means without a letter in
common are sign$cantl.y different.

Light intensity (Ix)

Age
(dph)
I
4
7
I1
15

3.34
3.38
3.60
3.38
4.29

2 0.02;'
2 0.06

t 0.03
? O.O@
f 0.0Yb

3.33
3.33
3.66
3.81
4.38

t 0.020
t 0.05
t 0.03
2 0.07h
?

0.06"

1.ooo

100

50

5

3.49
3.49
3.64
3.87
4.52

t 0.02h
% 0.04
t 0.02
f O.Mh
f 0.05'

3.47
3.42
3.61
3.58
4.06

f 0.02h
2 0.03
f 0.03
C 0.05ilh

-+ 0.05h

P-value

0.0299
0.789 1
0.8837
0.0004
0.0016

be feeding (range = 8.3-90.9%). Signifi- vival through 15 dph were observed. Mean
cant effects of light intensity on percent larval survival across all treatments on 1
feeding were evident, but there were no dif- dph was 79.5% (range = 63.0-95.3%) and
ferences between salinities, and there was declined to 27.9% (range = 20.0-34.8%)
no interaction between these effects. Across by 15 dph. Maximum survival among treatboth salinities, proportionally more larvae ments in Experiment 1 (60.3%) was markwere feeding in the 50-, loo-, and 1,000-1x edly higher than in Experiment 2 (34.8%).
treatments than in the 5-1x treatment (Fig.
Osmolality-Experiment 2
3A). On 1 I dph, significant effects of light
Under the 24-ppt treatment, mean larval
intensity and salinity on percent feeding
were also evident, while no interactions be- osmolality ranged from 279 to 329 mtween these effects were observed. Under Osmolkg, and no significant (P > 0.05) efboth salinities, proportionally more larvae fects of light intensity on larval osmolality
were observed to be feeding at 50, 100, or were evident through 15 dph (Fig. 4A).
1,000 lx than at 5 Ix (Fig. 3A). Under all However, under 34 ppt, mean larval oslight intensities, more larvae were observed molality ranged from 305 to 447 mOsmol/
to be feeding at 34 ppt (87.0%) than at 24 kg, and significant (P < 0.05) effects of
ppt (69. I %) on I 1 dph (Fig. 3B). By 15 light intensity on larval osmolality were dedph, all larvae sampled were observed to tected on 15 dph, when values were higher
at 1,000 lx than at 50 lx (Fig. 4B).
be feeding (Fig. 3).
Under the 5-1x treatment, larval osmolalGrowth-Experiment 2
ity was significantly higher ( P < 0.05) at
No interactive effects of light intensity 34 ppt than at 24 ppt on 1 dph and 11 dph
and salinity on larval notochord lengths (Fig. 5A). Within the low intensityhigh sawere observed on 1 1 dph or 15 dph. By 15 linity (5 1x/34 ppt) treatment, larval osmodph, notochord lengths averaged 4.21 mm lality remained relatively stable from 1 dph
and ranged from 4.15 to 4.28 mm. Under (338 mOsmolkg) to 7 dph (317 mOsmol/
both salinities, no significant effects of light kg) and then exhibited a marked ( P < 0.05)
intensity on notochord lengths were evident increase to 447 mOsmol/kg by 11 dph beon 11 dph or 15 dph. Under all light inten- fore declining to initial levels on 15 dph. In
sities, notochord lengths were greater at 34 contrast, mean larval osmolality in the low
ppt than at 24 ppt on 11 dph (3.70 vs. 3.56 intensityAow salinity (5 1x/24 ppt) treatment
did not change significantly through 15 dph
mm) and 15 dph (4.27 vs. 4.15 mm).
(Fig. 5A).
Survival-Experiment 2
Mean whole-body osmolality of larvae in
No significant effects of light intensity, the 50-1x treatment was significantly higher
salinity, or their interaction on larval sur- at 34 ppt (3 11 mOsmol/kg) than at 24 ppt
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FIGURE
2. Survival of southern flounder larvae from d I through I5 dph under different ( A ) lighr intensities
(5, 50, 100, and 1,000 lx) and ( B ) salinities (24 and 34 ppt) in Experiment I . Plotted points represent means
-C SE IN = 8 and 16 in Figs. 2A and 28, respectively). Data f o r both salinities were combined under each
light intensity in Fig. 2A, while data f o r all light intensities were combined under each salinity in Fig. 2B.
“Asterisk ’’ indicates .signiJcant (Q < 0.05) differences among treatments observed on that sampling date.

(287 mOsmolkg) on 7 dph (Fig. 5B). At
100 Ix, larval osmolality on 1 dph was significantly greater at 34 ppt (339 mOsmol/
kg) than at 24 ppt (299 mOsmoVkg) (Fig.
5C). Larvae from the mid-intensity (50 and
100 lx) treatments at a given salinity (24 o r
34 ppt) exhibited no significant changes in

mean whole-body osmolality during the
study. In the 1,000-1x treatment, larval osmolality was significantly higher at 34 ppt
than at 24 ppt on 1 dph (353 mOsmolkg
vs. 299 mOsmoVkg) and 15 dph (366
mOsmoVkg vs. 314 mOsmolkg). Larvae
from the high salinity (34 ppt) treatment ap-
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FIGURE
3. Percent feeding in southern Jlounder larvae from d I through 15 dph under different ( A ) light
intensities (5, 50, 100. and 1.000 lx) and ( B ) salinities (24 and 34 ppt) in Experiment 1. Plottedpoints represent
means t SE ( N = 8 and I6 in Figs. 3A and 3B. respectively). Data f o r both salinities were combined under
each light intensity in Fig. 3A, while data for all light intensities were combined under each salinity in Fig.
3B. “Asterisk ’’ indicates significant (P < 0.05) differences among treatments observed on that sampling date.

peared to show an increase in osmolality on
1 1 dph to 429 mOsmolkg (range = 350513 mOsmoVkg) (Fig. 5D), similar to that
of the low intensitykigh salinity treatment.
Due to high variability among replicates on
1 1 dph, this increase was not statistically
significant. Larvae reared at 24 ppt showed

no changes in whole-body osmolality during the study.

Discussion
Environmental parameters (e.g.. salinity,
light intensity, temperature) between Experiment 1 and 2 were similar, but other
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FIGURE
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experimental conditions (e.g., larval stocking densities and rotifer densities) differed.
In addition, egg and larval qualities as affected by broodstock husbandry (natural vs.
hormone-induced spawning) and maternal
effects likely differed in these experiments
and probably contributed to the differences

in growth and survival between the two
studies.
In Experiment 1, light appeared to have
influenced hatching rates of developing embryos, giving larvae from the 100- and
1,000-1x treatments an early size advantage.
The enhanced growth of larvae from these
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treatments measured on 1 dph may be attributed to accelerated embryonic development stimulated by the higher illumination
levels, resulting in earlier hatching of embryos and more time for growth when compared with larvae from the 5- and 50-1x
treatments. This is consistent with the observation that newly hatched larvae were
first discovered in the 100- and 1,000-Ix
treatments. Light intensity is known to affect hatching rates and hatching size in oth-

er species of marine fish. Eggs of the walleye pollock Theragru chalcogrumma exhibited faster hatching rates in the absence
of light (Olla and Davis 1993). Conversely,
summer flounder development to hatching
appeared to be faster at higher illuminations
(within range 0 to 2,000 lx) and larvae
hatched at 500 Ix were significantly larger
than those incubated in the absence of light
(Watanabe et al. 1998). In the present study,
the size advantage gained by larvae hatched

ENVIRONMENTAL CONDITIONS FOR LARVAL FLOUNDER

in the 100- and 1,000-IX treatments was
short-lived, and no differences in notochord
lengths among light treatments were evident by 4 dph.
Under both salinities, notochord lengths
and survival were not significantly different
among light-intensity treatments from 4 dph
to 7 dph but were maximized in the 50- and
100-1x treatments by 11 dph and 15 dph,
when performance of larvae from the 5and 1,000-1x treatments declined. The poor
growth and survival of larvae in the lowintensity 5-IX treatment following 7 dph can
be explained by the percentages of feeding
larvae, which were clearly lower at 5 Ix
than in the mid- and high-intensity treatments before 15 dph.
Blaxter ( 1968b) defined visual threshold
as an illumination level at which only 10%
of larvae are feeding. In the present study,
40 and 49% of the larvae from the 5-1x
treatment were feeding on 7 dph and 11
dph, respectively, which indicates that at
this developmental stage, the visual threshold for this species is lower than 5 Ix. However, significantly lower percentages of
feeding larvae observed in the 5-1x treatment on 7 dph and 11 dph suggests that
sub-optimal growth and survival of larvae
in this treatment were due to inadequate
feeding and inefficient use of energy related
to hunting at low light levels. In plaice
Pleuronectes platessa this visual threshold
ranges from 1-10 lx (Blaxter 1968a). Similar thresholds have been established for
several other species of finfish larvae, including herring Cfupea harengus (< 1 Ix)
(Blaxter 1968b), walleye pollock (< 1 lx)
(Paul 1983) and striped bass Morone saxatilis ( 1 Ix) (Chesney 1989). The results of
the present study suggest that an intensity
of 5 Ix may be near the visual threshold of
illumination for larvae of southern flounder,
making it difficult to locate and capture
Prey *
The feeding disadvantage faced by larvae
in the low-intensity 5-1x treatment appeared
to compromise growth by 1 1 dph, when
mean notochord lengths from this treatment
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were less than notochord lengths from the
50- and 100-1x treatments. Survival in the
low-intensity 5-1x treatment was also lower
than survival in the 100-1x treatment by 15
dph.
While the minimum illumination threshold theory explains the poor growth and
survival of marine fish larvae under low
light intensities, there appears to be a maximum illumination level above which larval
growth and/or survival are adversely affected in some species. For herring larvae,
swimming activity was found to increase
with increasing light intensity (Batty 1987).
In summer flounder, yolk utilization efficiency and notochord length decreased as
light levels increased from 500 to 2,000 Ix
(Watanabe et al. 1998). Additionally, larval
swimming behavior and positioning change
with increasing light intensity in some species. At high light intensities, herring larvae
shift from a vertical to horizontal swimming pattern (Batty 1987), and rainbow
smelt Osrnerus rnordax larvae appear to be
more concentrated in surface waters (Bedard and Lalancette 1989). In the laboratory, high light intensities appear to undermine the vertical migration mechanism (alternate vertical swimming and sinking rest
periods) employed by marine fish larvae,
replacing it with a less efficient constant
swimming behavior (Haury and Weihs
1976) in a horizontal direction. Excessive
illumination could explain the unfavorable
growth exhibited by southern flounder larvae from the high-intensity treatment
(1,000 lx) on 15 dph in the present study.
Previous research has suggested that relatively high light intensities (320-1,600 Ix)
may not adversely affect growth and survival of southern flounder larvae from first
feeding through metamorphosis (Daniels et
al. 1996; Denson and Smith 1997), but future investigation should focus on larval response to light intensities ranging from
100-1,000 lx.
In the present study, whole-body osmolality was measured to minimize the number of larvae that would be required for ex-
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traction and measurement of extracellular
fluid. Tandler et al. (1995) measured whole
body osmolality of marine fish larvae Spurus uururu from a mixture of intra- and extracellular fluids, which resulted in values
comparable to those derived from plasma.
Tornheim (1980) used a vapor pressure osmometer (VPO) to measure the osmolality
of whole-tissue slices, concluding that this
is an acceptable and highly reproducible
method of determining tissue osmolality.
In our study, mean whole-body osmolality (304 mOsmolkg) of southern flounder
larvae from the 24-ppt treatment from 1
dph through 15 dph was lower than published values for other species of marine
fish embryos and larvae in full-strength seawater (320-400 mOsmoVkg) (Alderdice et
al. 1979; Davenport et al. 1981; Riis-Vestergaard 1982; Hahnenkamp et al. 1993). as
well as that of larvae from the 34-ppt treatment (mean = 343 mOsmoVkg). Southern
flounder larvae were stenohaline marine,
with higher survival as well as greater larval dry weights at 34 ppt. This is consistent
with the early stages of other marine flatfish
larvae. For example, Watanabe et al. (1998)
found yolk-sac larvae of the summer flounder exhibited greatest growth at 36 ppt
within a range of 26-36 ppt, while Hart and
Purser (1995) demonstrated that larvae of
the greenback flounder reared through
metamorphosis exhibit significantly greater
survival at 35%0than at 15 ppt. Likewise,
when exposed to salinities ranging from
20-42 ppt, highest survival rates for Atlantic halibut yolk-sac larvae were obtained in
salinities ranging from 27-32 ppt. with the
largest proportion of normally developed
larvae produced in the 29-34 ppt range
(Lein et al. 1997).
A marked elevation in whole-body osmolality on 11 dph, indicative of osmoregulatory stress, was observed in larvae exposed to the lowest light intensity of 5 lx
(Fig. 5a) and was also apparent in larvae
exposed to the highest light intensity of
1,000 lx (Fig. 5d). Larvae exposed to low
illumination levels (i.e., 5 lx) fed less effi-

ciently (Fig. 3a) and this likely resulted in
weakened fish. Conversely, high illumination (i.e., 1,000 lx) may have induced hyperactivity and inefficient use of energy as
previously reported in other marine finfish
larvae (Haury and Weihs 1976; Batty
1987). This is consistent with Shelbourne’s
( I 957) “osmotic breach” theory.
Buoyancy of pelagic eggs and larvae of
marine fish is affected by culture salinity
(Holliday 1965; Lein et al. 1997) and feeding success (Frank and McRuer 1989). In
cod, buoyancy is a good indicator of larval
condition. Sclafani et al. (2000) found a
positive linear relationship between larval
density and mortality in this species. Some
proposed strategies employed by larvae to
maintain optimum vertical positioning
within the water column are density changes via osmoregulation (Sclafani et al. 1997)
and synthesis or breakdown of lipids (Guisande et al. 1998), which appear to enhance
buoyancy in marine fish (Hagen et al. 2000;
Nursall 1989). Like other marine fish eggs
and larvae reared in brackish water (Liu et
al. 1994; Hart and Purser 1995; Guisande
et al. 1998), those in the low-salinity treatment of the present study likely experienced reduced buoyancy compared with
larvae raised in seawater. Recent studies
have demonstrated that anesthetized southern flounder larvae reared at 25 and 34 ppt
are negatively buoyant at 25 ppt, while they
are neutrally or positively buoyant at 34 ppt
(C. Moustakas, University of North Carolina at Wilmington, unpublished data).
Since both osmoregulatory ability and feeding success were relatively inefficient at 24
ppt before 15 dph, larvae may have allocated energy to maintain vertical positioning through increased lipid production and/
or swimming behavior, which would have
come at the expense of larval nutrition and
energy available for growth and survival.
In summary, results of the present study
demonstrate that growth, survival, and osmoregulatory ability of larval southern
flounder from hatching through 15 dph are
maximized under light intensities of 50 and
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100 lx and in full-strength seawater. In nature, southern flounder adults have been reported at depths ranging from 18-62 m
(60-200 ft) during the spawning season
(Stokes 1977), where eggs and early-stage
larvae likely occur (Gilbert 1986). Since
light intensity is depleted in water with
depth, these waters are probably characterized by low illumination levels (Champ et
al. 1980). The larvae generally do not enter
their estuarine nurseries until late-larval and
metamorphic stages (Burke et al. 1991).
Optimal light intensities and salinities determined in this study appear to be consistent with conditions that pelagic eggs and
early-feeding stage larvae encounter in their
natural habitat.

Acknowledgments
We thank Patrick Carroll, Kimberly
Copeland, Christopher Woolridge, Andrew
Rhyne, and Joanne Harke for technical assistance and Drs. Robert Roer, Michael Durako, Harry Daniels, and Mr. Robert Wicklund for helpful advice. We would also like
to acknowledge Patrick Carroll's role in the
construction of the experimental system.
This research was funded by the U.S. Department of Agriculture, Cooperative State
Research Education and Extension Service
(Grant No. 98-38854-6009).

Literature Cited
Alderdice, D. F., T. R. Rao, and H. Rosenthal. 1979.
Osmotic responses of eggs and larvae of the Pacific herring to salinity and cadmium. Helgolander
wiss. Meersunters 32508-538.
Batty, R. S. 1987. Effect of light intensity on activity
and food-searching of larval herring, Clupeu harengus: a laboratory study. Marine Biology 94:
323-327.
Bedard, D. and L. M. Lalancette. 1989. Behavior of
larvae in the rainbow smelt, Osmerus mordax, a
function of light intensity, water current and type
of food. Canadian Field Naturalist 103:75-79.
Berlinsky, D. L., W. King, T. I. J. Smith, R. D.
Hamilton, J. Holloway, and C. V. Sullivan.
1996. Induced ovulation of southern flounder f u r ulichrhys lerhosrigmu using gonadotropin releasing hormone analogue implants. Journal of the
World Aquaculture Society 27: 143-152.
Blaxter, J. H. S. 1968a. Light intensity, vision, and

463

feeding in young plaice. Journal of Experimental
Marine Biology and Ecology 2:293-307.
Blaxter, J. H. S. 1968b. Visual thresholds and spectral
sensitivity of herring larvae. Journal of Experimental Biology 48:39-53.
Blaxter, J. H. S. 1969. Visual thresholds and spectral
sensitivity of flatfish larvae. Journal of Experimental Biology 5 I :221-230.
Burke, J. S., J. M. Miller, and D. E. Hoss. 1991.
Immigration and settlement pattern of Paralichthys denrurus and f. lethostigma in an estuarine
nursery ground, North Carolina, USA. Netherlands Journal of Sea Research 27:393-405.
Champ, M. A., G. A. Gould, W. E. Bozzo, S. G.
Ackleson, and K. C. Vierra. 1980. Characterization of light extinction and attenuation in Chesapeake Bay, August 1977. Pages 263-277 in V. S.
Kennedy, editor. Estuarine perspectives. Academic Press, New York, USA.
Chesney, E. J. 1989. Estimating the food requirements
of striped bass larvae Morone saxurilis: effects of
light, turbidity and turbulence. Marine Ecology
Progress Series 53: 191-200.
Daniels, H. V. and R. J. Borski. 1998. Effects of low
salinity on growth and survival of southern flounder (Purulichthys lethosrigma) larvae and juveniles. Pages 187-191 in W. H. Howell, B. J. Keller, F! K. Park, J. F! McVey, K. Takayanagi, and
Y. Uekita, editors. Nutrition and technical development of aquaculture. Proceedings of the 26th
U.S.-Japan aquaculture symposium. University of
New Hampshire Sea Grant, New Hampshire,
USA.
Daniels, H. V., D. L. Berlinsky, R. G. Hodson, and
C. V. Sullivan. 1996. Effects of stocking density,
salinity, and light intensity on growth and survival
of southern flounder furalichrhys lethostigma larvae. Journal of the World Aquaculture Society
27(2): 153-159.
Davenport, J., S. Lonning, and E. Kjorsvik. 1981.
Osmotic and structural changes during early development of eggs and larvae of the cod, Gadus
morhua L. Journal of Fish Biology 19:317-331.
Denson, M. R. and T. I. J. Smith. 1997. Diet and
light intensity effects on survival, growth and pigmentation of southern flounder farulichrhys lethosrigma. Journal of the World Aquaculture Society 28:366-373.
Frank, K. T. and J. K. McRuer. 1989. Nutritional
status of field-collected haddock (Melanogrammus ueglefinus) larvae from southwestern Nova
Scotia (Canada): an assessment based on morphometric and vertical distribution data. Canadian
Journal of Fisheries and Aquatic Sciences 46: 125133.
Gilbert, C. R. 1986. Species profiles: life histories and
environmental requirements of coastal fishes and
invertebrates (south Floridatsouthern, gulf, and

464

HENNE AND WATANABE

summer flounders. U. S. Fish and Wildlife Service
Biological Report 82( I I S4). U. S. Army Corp of
Engineers, TR EL-82-4. Washington, D.C., USA.
Guindon, K. Y. and J. M. Miller. 1995. Growth potential of juvenile southern flounder, Paralichthys
lethostigma, in low salinity nursery areas of Pamlico Sound, North Carolina, USA. Netherlands
Journal of Sea Research 34:89-100.
Guisande, G., I. Riveiro, A. Sola, and L. Valdes.
1998. Effect of biotic and abiotic factors on the
biochemical composition of wild eggs and larvae
of several fish species. Marine Ecology Progress
Series 16353-61.
Hagen, W., G. Kattner, and C. Friedrich. 2000. The
lipid composition of high-Antarctic notothenioid
fish species with different life strategies. Polar Biology 231785-79 1.
Hahnenkamp, L., K. Senstad, and H. J. Fyhn. 1993.
Osmotic and ionic regulation of yolksac larvae of
Atlantic halibut (Hippoglossus hippoglossus).
Pages 259-262 in B. T. Walther and H. J. Fyhn,
editors. Physiological and biochemical aspects of
fish development. University of Bergen, Norway.
Hart, P. R. and G. J. Purser. 1995. Effects of salinity
and temperature on eggs and yolk sac larvae of
the greenback flounder (Rhombosolea tapirina
Gunther, 1862). Aquaculture 136:22 1-230.
Haury, L. and D. Weihs. 1976. Energetically efficient
swimming behaviour of negatively buoyant zooplankton. Limnology and Oceanography 21 :797803.
Holliday, F. G. T. 1965. Osmoregulation in marine
teleost eggs and larvae. California Cooporative
Oceanic Fisheries Investigations 10:89-95.
Huse, I. 1994. Feeding at different illumination levels
in larvae of three marine teleost species: cod, Gadus morhua L., plaice, Pleuronectes platessa L.,
and turbot, Scophthalmus maximus (L.). Aquaculture and Fisheries Management 25:687-695.
Laurence, G. C. 1977. A bioenergetic model for the
analysis of feeding and survival potential of winter flounder, Psuedopleuronectes americanus, larvae during the period from hatching to metamorphosis. Fishery Bulletin 75:529-546.
Lein I., S. Tveite, B. Gjerde, and I. Holmefjord.
1997. Effects of salinity on yolk sac larvae of Atlantic halibut (Hippoglossus hippoglossus L.).
Aquaculture 156:291-303.
Liu, H. W., R. R. Stickney, W. W. Dickhoff, and D.
A. McCaughran. 1994. Effects of environmental
factors on eggs development and hatching of Pacific halibut Hippoglossus stenolepis. Journal of
the World Aquaculture Society 25:3 17-321.
Lubzens, E. 1987. Raising rotifers for use in aquaculture. Hydrobiologia 147:245-255.
Miller, J. M., J. S. Burke, and G. R. Fitzhugh. 1991.
Early life history patterns of Atlantic North American flatfish: likely (and unlikely) factors control-

ling recruitment. Netherlands Journal of Sea Research 27:261-275.
Nursall, J. R. 1989. Buoyancy is provided by lipids
of larval redlip blennies, Ophioblennius atlanticus
(Teleostei: Blenniidae). Copeia I989:6 14-62 1.
Olla, B. L. and M. W. Davis. 1993. The influence of
light on egg buoyancy and hatching rate of the
walleye pollock, Theragra chalcogramma. Journal of Fish Biology 42:693-698.
Paul, A. J. 1983. Light, temperature, nauplii concentrations, and prey capture by first feeding Pollock
larvae Theragra chalcogramma. Marine Ecology
Progress Series 13:175-179.
Powell, A. B. and F. J. Schwartz. 1977. Distribution
of Paralichthid flounders (Bothidae: Paralichthys)
in North Carolina estuaries. Chesapeake Science
18:334-339.
Riis-Vestergaard, J. 1982. Water and salt balance of
halibut eggs and larvae (Hippoglossus hippoglossus). Marine Biology 70: 135-1 39.
Rogers, S. G., T. E. Targett, and S. B. Van Sant.
1984. Fish-nursery use in Georgia salt-marsh estuaries: the influence of springtime freshwater
conditions. Transactions of the American Fisheries
Society 1 13595-606.
Sargent, J. R., L. A. McEvoy, and J. G. Bell. 1997.
Requirements, presentation and source of polyunsaturated fatty acids in marine fish larval feeds.
Aquaculture 155:117-127.
Sclafani, M., G. Stirling, and W. C. Leggett. 1997.
Osmoregulation, nutritional effects and buoyancy
of the marine larval fish: a bioassay for assessing
density changes during the earliest life-history
stages. Marine Biology 129: 1-9.
Sclafani, M., G. Stirling, and W. C. Leggett. 2000.
Osmotic condition, buoyancy change and mortality in larval cod Gadus morhua. A bioassay for
assessing near-term mortality. Marine Ecology
Progress Series 193: 157-166.
Shelhourne, J. E. 1957. The feeding and condition of
plaice larvae in good and bad plankton patches.
Journal of the Marine Biological Association U.K.
36539-552.
Smith, T. I. J., M. R. Denson, L. D. Heyward, W.
E. Jenkins, and L. M. Carter. 1999a. Salinity
effects on early life stages of southern flounder
Paralichthys lethostigma. Journal of the World
Aquaculture Society 30:23&244.
Smith, T. I. J., D. C. McVey, W. E. Jenkins, M. R.
Denson, L. D. Heyward, C. V. Sullivan, and D.
L. Berlinsky. 1999b. Broodstock management
and spawning of southern flounder, Paralichthys
lethostigma. Aquaculture 176:87-99.
Specker, J. L., A. M. Schreiber, M. E. McArdle, A.
Poholek, J. Henderson, and D. A. Bengston.
1999. Metamorphosis in summer flounder: effects
of acclimation to low and high salinities. Aquaculture 176:145-154.

ENVIRONMENTAL CONDITIONS FOR LARVAL FLOUNDER

Stokes, G. M. 1977. Life history studies of southern
flounder (Purulichthys lerhostigmu) and gulf
flounder (P. ulbiguttu) in the Aransas Bay area of
Texas. Technical Series Report 25. Texas Parks
and Wildlife Department, Austin, Texas, USA.
Tandler, A., F. A. Anav, and I. Choshniak. 1995.
The effect of salinity on growth rate, survival and
swimbladder inflation in gilthead sea bream, Spurus uurutu, larvae. Aquaculture 135:343-353.
Tornheim, P. A. 1980. Use of a vapor pressure osmometer to measure brain osmolality. Journal of
Neuroscience Methods 3( 1980):2 1-35.
Ware, D. M. 1975. Growth, metabolism, and optimal

465

swimming speed of a pelagic fish. Journal of the
Fisheries Research Board of Canada 32:33-41.
Watanabe, W. O., P. M. Carroll, and H. V. Daniels.
2001. Sustained. natural spawning of southern
flounder Purulichthys lethostigmu under an extended photothermal regime. Journal of the World
Aquaculture Society 32: 153-166.
Watanabe, W. O., M. W. Feeley, S. C. Ellis, and E.
P. Ellis. 1998. Light intensity and salinity effects
on eggs and yolk sac larvae of the summer flounder. Progressive Fish-Culturist 60:9-19.
Waters, E. B. 1996. Sustainable flounder culture and
fisheries. North Carolina Sea Grant Publication
UNC-SG-96- 14. Raleigh, North Carolina, USA.

