Vol. 161: 83-91, 1997

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

on larval development in the barnacle
Balanus amphitrite amphitrite

Jian-Wen Qiu*, Louis A. Gosselin**, Pei-Yuan Qian

Department of Biology, The Hong Kong University of Science and Technology Clear Water Bay, Kowloon, Hong Kong

ABSTRACT: The effects of short-term variation in food availability on larval survival and development
of the barnacle Balanus amphitrite amphitrite Darwin were studied in the laboratory. We found that
0.5 and 1 d intervals of alternating feeding and starvation did not influence survivorship of stage II
nauplii, but lengthened the duration of development by about 40 %; survivorship of nauplius II initially
starved for 2 and 3 d was >25% lower than in the continuously fed controls, and larval development
was prolonged by >1.5 d. Four-day initial starvation in nauplius II led to 100 % larval mortality. initial
starvation also significantly affected feeding time required to complete nauplius II. Although initial
starvation in nauplius II affected larval survival and duration of development, those larvae reaching
cypris stage all metamorphosed into juveniles. The minimum feeding time required for completion of
nauplius II was extended by >8 h for each day of initial starvation, for up to 2 d initial starvation. Feed-
ing time required to complete individual naupliar stages also increased with larval development. Con-
tinuous access to food beyond the minimum feeding time shortened the duration of development. Our
data suggest that B. amphitrite amphitrite larvae can survive short-term starvation and that such abil-
ity may help them overcome a patchy food supply in the field. However, sublethal starvation will
lengthen the duration of development, thus increasing exposure to sources of mortality such as preda-
tion or misrouting. Since initial starvation in the nauplius II stage did not influence the metamorphic
capacity of cyprids in the laboratory, sublethal starvation during larval development should not affect
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bioassay results.
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INTRODUCTION

In coastal habitats, spatial and temporal variations in
the concentration of suspended food particles, such as
phytoplankton (Mackas et al. 1985, Pitcher et al. 1991,
Franks 1992, Litaker et al. 1993), can lead to con-
siderable differences in feeding opportunities for
planktotrophic invertebrate larvae. To assess the sig-
nificance of such variations for larval performance,
numerous studies have examined the relationship be-
tween food concentration and survivorship and growth
by rearing larvae at different food concentrations in
the laboratory. Larvae developing at low food concen-
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trations were found to have lower growth rates, longer
development times, smaller sizes at competence, more
extensive feeding structures, or reduced survivorship
relative to individuals developing at higher food con-
centrations (Hartnoll 1982, Pechenik 1987, Strathmann
1987, Olson & Olson 1989, Qian & Chia 1991, 1993,
Strathmann et al. 1992, Fenaux et al. 1994).

A dimension of food availability which has received
much less attention is variation in food availability within
the larval period of the individual. In the field, indi-
viduals are likely to encounter varying levels of food
availability during the larval phase rather than constant
food concentrations. Rapid changes in the availability of
planktonic food sources can occur as a result of inter-
actions between suspended food particles and para-
meters of the water column (e.g. pelagic grazers,
chemical and physical properties of the water column)
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(Mackas et al. 1985, Young & Chia 1987), localized
depletion by benthic filter-feeders (Butman et al. 1994),
the displacement of patch fronts (Franks 1992), and via
vertical migrations of larvae (Young & Chia 1987).

In the present study, we used Balanus amphitrite
amphitrite Darwin (Ren & Liu 1978, Foster 1982), a
barnacle species common in tropical and subtropical
coastal waters, to examine the the implications of
short-term food limitation for larval development.
Specifically, we determined (1) whether larvae require
continuous access to food to successfully complete lar-
val development, (2) the tolerance of larvae to initial
periods of starvation (i.e. at the stage when feeding
would normally begin), (3) the effects of initial starva-
tion periods on subsequent feeding requirements and
intermolt period, and (4) whether development rate is
influenced by food availability after the larva has
acquired the minimum needed to molt to the next nau-
plius stage. The results of this study will help us under-
stand how periodic food limitation influences larval
development rate and the survival of barnacle larvae
and how important it is for larvae to remain within
patches of high food concentration.

MATERIAL AND METHODS

Study organism and general methods. The larval
development of Balanus amphitrite amphitrite consists
of 6 naupliar stages and 1 cypris stage (Hudinaga &
Kasahara 1941, Costlow & Bookhout 1958, Wu & Cai
1963). The non-feeding nauplius I molts to nauplius II
within 2 to 4 h of spawning. Larval development ceases
at nauplius II under low food or starvation conditions
(Qiu & Qian 1997). However, if sufficient food is pro-
vided (e.g. 210 cells ml'! of Skeletonema costatum),
nauplius II can continue to develop to nauplius VI and
then molt to the cyprid stage, which is non-feeding and
competent to settle. Standard procedures have been
established to use the cypris larvae of this species
to evaluate the performance of various antifouling
methods (Mary et al. 1987). These larvae do not grow
on bacteria (Gosselin & Qian 1997) and are therefore
largely dependent on phytoplankton or other organic
particles as food sources.

The procedures for collecting and maintaining Bal-
anus amphitrite amphitrite broodstock have been de-
scribed by Qiu & Qian (1997). Briefly, adult barnacles
(>100) placed in 2 separate buckets were induced to
spawn by changing the water and exposing them to
intense light. Nauplius I larvae from both buckets were
collected and mixed together. All nauplius I larvae
molted to nauplius II within 3 h. Newly molted nau-
plius II were attracted to a point-source of light and
collected using a pipette.

Four experiments described herein were conducted
from December 1995 to May 1997. The chain-forming
diatom Skeletonema costatum, cultured in a modified
f/2 medium (Guillard 1975), was used as food, at a
concentration of 1 x 10° cells ml™* In the non-feeding
regimes, larvae were placed in 0.22 um filtered sea-
water (32%» salinity). Crystamycin (22.5 mg 1I"! peni-
cillin G and 375 mg I"' streptomycin sulfate) was
added to the larval cultures to inhibit bacterial growth.
Previous studies indicated that the addition of the
above antibiotics at the indicated concentrations in lar-
val culture had no adverse effect on barnacle larval
development (Tighe-Ford et al. 1970). Larval cultures
were maintained at 20°C under a 12 h light/12 h dark
photoperiod, except in Expt 1, where cultures were
maintained at 28°C.

Expt 1: effects of intermittent food availability. To
determine how the development of Balanus amphitrite
amphitrite larvae is affected by short-term discon-
tinuity in food availability, newly molted nauplius II
were exposed to alternating feeding and non-feeding
periods of 0.5 or 1 d duration (Fig. 1). For the 0.5 and
1 d treatments, nauplius Il larvae were initially placed
in dishes containing 10 ml of Skeletonema costatum
suspension. After each 0.5 or 1 d interval, larvae were
transterred between S. costatum and filtered seawater
in an alternating sequence. For the continuous feeding
treatment (control), newly molted nauplius II larvae
were exposed to S. costatum throughout the experi-
ment, with daily change of culture media. In total, 90
nauplius II were used (3 treatments x 3 replicates x 10
larvae). Each dish was checked for molts and dead lar-
vae twice a day, until all larvae had either developed
into cyprids or died.
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Days of experiment
Fig. 1. Balanus amphitrite amphitrite. Design for Expt 1. Hori-
zontal bars represent the duration of larval development for

the 3 treatments: continuous food supply, alternating feeding
or starving for0.50r 1 d
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Expt 2: tolerance to initial starvation. To determine
the ability of Balanus amphitrite amphitrite larvae to
recover from initial periods of starvation, newly molted
nauplius Il larvae were starved for periods of 0.5to 4 d
and were then provided with food (Table 1). For the
control, newly molted nauplius II larvae were trans-
ferred into dishes containing 10 ml of Skeletonema
costatum suspension immediately after molting from
nauplius I. For the 5 starvation treatments, newly
molted nauplius II were starved in filtered seawater
(0.22 pm) for 0.5, 1, 2, 3, and 4 d, respectively, before
being transferred into S. costatum suspensions. In
total, 180 nauplius II larvae (6 treatments x 3 replicates
x 10 larvae) were used. The culture medium was
changed daily. During each change, dishes were
checked for molts and dead larvae, until all nauplius II
had either developed into cyprids or died. The ability
to complete the transition from competent larvae to
early juvenile was determined for cyprids from each
treatment by placing cyprids individually in poly-
styrene Petri dishes containing 15 ml seawater and S.
costatum at a concentration of 10* cells ml™!, until they
either died or attached and metamorphosed. To pre-
vent cyprids from being trapped at the air-water sur-
face, Petri dishes were filled with well-aerated water
and sealed. Individuals were checked daily until all
cyprids had either metamorphosed or died.

Expt 3: Minimum Feeding Time (MFT) at difierent
naupliar stages and effects of initial starvation on the
MFT of nauplius II. Expts 1 & 2 revealed that barnacle
nauplii do not need to feed continuously in order to
obtain enough energy and nutrients to molt to the next
stage, indicating that larvae may not feed for all of the
intermolt period. The shortest feeding duration suffi-
clent to ensure successful molting is defined as Mini-
mum Feeding Time (MFT). To determine the MFT of
Balanus amphitrite amphitrite larvae, we used newly
molted nauplius II, Ill, and V (to test whether MFT

changes during development) and nauplius II starved
for 1 and 2 d (to test whether MFT is affected by initial
starvation). These larvae were allowed to feed on Ske-
letonema costatum for different periods of time before
being transferred into filtered seawater (Table 1j. To
test whether MFT of nauplius II is affected by initial
starvation, newly molted nauplius II, and nauplius II
starved for 1 and 2 d in 0.22 pm filtered seawater
(32%0) were each divided into 6 groups of 10 larvae
(each group with 3 replicates, total larvae: 3 starvation
treatments x 6 feeding time treatments x 10 larvae x
3 replicates = 540 larvae) and placed in dishes contain-
ing 10 ml of S. costatum suspension. Nauplius II
starved for 0 to 2 d were allowed to feed for either 0
(control), 2, 4, 8, 12, or 24 h, before being transferred
into filtered seawater. Nauplius III and V were
obtained by feeding a batch culture of stage II nauplii
with S. costatum. Before a desired stage was reached,
larvae were removed from the stock culture and
placed individually into dishes containing filtered sea-
water. This ensured thatlarvae had enough reserves to
molt to the next stage but had no algae to feed after
molting. Larvae at a desired stage were collected for
the experiments as soon as they molted. Newly molted
nauplius III and V were each divided into 6 groups of
10 larvae, each group with 3 replicates (total larvae: 2
stages x 6 feeding time treatments x 10 larvae x 3 repli-
cates = 360 larvae), and placed in dishes containing
10 ml ml of S. costatum suspension. Larvae at different
developmental stages were allowed to feed for either 0
(control), 2, 4, 8, 12, or 24 h, before being transferred
into filtered seawater. Dishes were checked daily for
molts and dead larvae until all nauplii had either
developed into the next stage (nauplius II — III, nau-
plius Il — IV, nauplius V — VI) or died.

Expt 4: effects of food availability beyond MFT on
development rate. The results of Expt 3 indicated that
the time needed to obtain enough food to develop to

Table 1. Balanus amphitrite amphitrite. Design for Expts 2 to 4

NVI (starved for 0 d}

12 h or continuous

xpt Stage and condition at onset Duration of food availability Parameters measured

2 NII (starved for 0 d) Continuous Numbers of NII reaching cyprid;
NII (starved for 0.5 d) Continuous time required for completion of the
NII (starved for 1 d) Continuous development from NII to cyprid
NII (starved for 2 d) Continuous
NII (starved for 3 d) Continuous
NII (starved for 4 d) Continuous

3 NII (starved for 0 d) 0,2,4,8 120r24 h Numbers of larvae moulting
NII (starved for 1 d) 0,2,4,8,120r24 h to next stage (NII — NIII,
NII (starved for 2 d} 0,2 4,8 120r24h NIUI = NIV, NV — NVIj
NIIT (starved for 0 d) 0,2,4,8 120r24h
NV (starved for 0 d) 0,2,4,8 120r24 h

4 NII (starved for 0 d}) 12 h or continuous Time required to molt to next

stage (NI1 — NIII, NVI — cyprid)
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the next stage was substantially shorter than the inter-
molt period. In Expt 4, we determined whether contin-
ued access to food beyond MFT influenced the rate of
development (Table 1). Newly molted nauplius II and
VI larvae were fed for either 12 h or continuously. In
total, 240 nauplii (2 stages x 2 treatments x 5 replicates
x 12 larvae) were used. For nauplius I, larvae were
either allowed to feed for 12 h before being transferred
to filter-seawater or fed continuously. Cultures were
checked at 24, 30, 36, 42, 48, 60, and 72 h, at which
time all larvae had either molted to nauplius I1I or died.
For nauplius VI, the same food treatments were used
and cultures were checked at 36, 48, 60, 72, 84, and
96 h for molts and dead larvae, at which time all
nauplii had either developed into cyprids or died.

Data analysis. Statistical procedures followed Zar
(1984). Data were tested for normality using the
Shapiro-Wilk test before proceeding with statistical
analysis. When data were not normally distributed,
they were either analyzed by Friedman's test (when
there were 2 x 2 treatments) to compare treatment
effects or by ANOVA using ranked data followed by
Tukey tests to compare treatment ettects. In Expt 1,
1-way ANOVA and Tukey tests were used to deter-
mine the effects of intermittent food availability on
development time from nauplius II to cyprid. Data
were ranked before analyses were performed. In
Expt 2, the average duration of larval development
and percentage of nauplius II reaching the cyprid
stage were compared using 1-way ANOVA on ranked
data followed by Tukey test. In Expt 3, a 1-way
ANOVA using ranked data and Tukey test were used
to determine the effects of time of food availability
(0, 2, 4, 8, 12, 24 h food) on percentage of larvae molt-
ing to the next stage. A 2-way ANOVA using ranked
data and a Tukey test were used to determine the
effects of time of food availability and larval starvation
history (0, 1, 2 d starvation), or larval stages (nauplius
I1, III, V) on percentage of larvae molting to the next
stage. In Expt 4, Friedman's test was used to compare
effects of food availability (12 h vs continuous food
supply) and developmental stage (nauplius II vs nau-
plius VI) on intermolt duration. A i-test was used to
compare effects of food availability (12 h vs continuous
food supply) on intermolt duration in both nauplius II
and nauplius VI.

RESULTS
Expt 1: effects of intermittent food availability
The objective of this experiment was to determine

how the development of Balanus amphitrite amphitrite
larvae is affected by short-term discontinuity in food

1d interval J
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ZZ72 NI - NIV

Continuous &5 N1V - NV
feeding N NV - NVI

CITD NVI-Cyprid
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Time (d)

Fig. 2. Balanus amphitrite amphitrite. Effects of intermittent
food availability on larval development. Data are plotted as
means of 3replicate cultures. Stacked bars represent duration
of development at nauplius Il to VI with the 3 food treatments
(Fig. 1). The total length of each of the 3 bars represents total
larval development time. Total larval development time did
not differ significantly between the 2 intermittent food treat-
ments, but it was significantly longer than in the continuous
food supply treatment

availability. All 90 larvae successfully developed
through to the cypris stage. Total larval development
time, however, differed significantly among the 3
treatments (Fig. 2; p = 0.0008, n = 90). The 0.5and 1 d
intervals of alternate feeding and starving resulted in
similar development times, which were slower than
that of the control by 32.2 to 57.3% (mean number of
days needed to reach cypris stage + SD: 4.19 + 0.18 d
for 0.5d, 4.70 + 0.40 d for 1 d intermittent food supply,
and 3.16 = 0.02 d for continuous food supply).

Expt 2: tolerance to initial starvation

The objective of this experiment was to determine
the ability of Balanus amphitrite amphitrite larvae to
recover from initial periods of starvation. Starving
nauplius Il larvae for 4 d led to mortality of all larvae in
the treatment. Shorter durations of initial starvation led
to significantly more larvae reaching the cypris stage
(p <0.0001, n = 18) and shorter larval development
times (p < 0.0001, n = 124) (Fig. 3). There were no sig-
nificant differences among the 0 (control}, 0.5 and 1 d
initial starvation treatments in either the percentage of
larvae reaching the cypris stage or time to complete
larval development. Two and three days of initial star-
vation lowered the percentage of nauplius II complet-
ing larval development by >25%, and lengthened lar-
val development time by >1.5 d relative to the control.

Sublethal starvation during the nauplius II stage had
no subsequent effect on the capacity of cyprids to
metamorphose into juveniles. When observed under a
dissecting microscope, all juveniles were active and
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Fig. 3. Balanus amphitrite amphitrite. Effects of initial starva-
tion on duration of larval development {measured from the
time nauplius 1I were given access to food to the time they
became cyprids; the starvation period was not included).
{A) Percentage of larvae reaching cypris stage. (B) Duration of
larval development. Data are plotted as mean + SD, n = 3 per
treatment. Values that do not ditfer at 0.05 level in Tukey
tests, following a 1-way ANOVA using ranked data, are
indicated by a line above the bars

appeared healthy. Of the 124 cyprids in the experi-
ment, 122 successfully metamorphosed and developed
into early juveniles. Only 2 cyprids, 1 in the control and
another in the 1 d initial starvation treatment, died.
The duration of the cypris stage varied considerably
within starvation treatments as well as among treat-
ments (Fig. 4). In the first 2 d, 15 to 30 % of the cyprids
metamorphosed, but all cyprids metamorphosed or
died within 8 d.

Expt 3: MFT at different naupliar stages and eifects
of initial starvation on the MFT of nauplius II

The objective of this experiment was to determine
the MFT of newly molted nauplius I, III, and V (to test
whether MFT changes during development) and nau-
plius II starved for 1 and 2 d (to test whether MFT is
affected by initial starvation).
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0.5d starved
N=29

o0

=

=,

3

=

£ s

g 1d starved

= N=27

o 6

£

»

5 4

&

=2

1)

Somn

S 0

S8

.E 2d starved
N=20

._= 6

r4

3d starved
N=19

1 2 3 4 H 6 7 ¥
Duration of cypris stage (d}

Fig. 4. Balanus amphitrite amphitrite. Effects of starvation

during the nauplii Il stage on duration of the cypris stage.

Data from 3 replicates were pooled. N: number of cyprids
metamorphosing

In nauplius II, initial starvation for 1 and 2 d led to
significantly different MFTs (Fig. 5A, B, C, Table 2).
The duration of feeding resulting in 10 % larvae molt-
ing to nauplius Il (MFT,,) was 2, 4, and 8 h for newly
molted, 1 d starved, and 2 d starved nauplius II,
respectively. MFT,, for nauplius II to reach nauplius I1I
was therefore doubled for each day of starvation for up
to 2 d starvation. The duration of feeding resulting in
50 % of nauplius II molting to nauplius IIT (MFTs,) was
4, 12, and 24 h for newly molted, 1 d starved, and 2 d
starved nauplius II, respectively, accounting for 12.9,
38.7 and 77.4 % of the intermolt duration for the con-
tinuously fed nauplius II larvae. Initial starvation peri-
ods of 1 and 2 d resulted in an extended MFTs, value
by 28 h for each day of starvation.

There were significant differences in MFT among
nauplius II, III, and V larvae (Fig. 5A, D, E, Table 2).
MFT;, was 2 h for newly molted nauplius II and nau-
plius III, but considerably longer for nauplius V (8 h).
MFTs;, increased as larvae reached later stages (nau-
plius II: 4 h, nauplius III: 8 h, nauplius V: 12 h).
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Expt 4: effects of food availability beyond MFT
on development rate

The objective of this experiment was to determine
whether continued access to food beyond MFT af-
fected the rate of development. There were signifi-
cant differences in intermolt duration between the 2
naupliar stages (nauplius II and VI, p < 0.0001), and
between the 12 h and continuous food availability
treatments (p < 0.0001, n = 103) (Fig. 6). When food
was continuously available, the average intermolt

Table 2. Balanus amphitrite amphitrite. Expt 3. Summary of

2-way ANOVA tests of the effects of feeding time and initial

starvation or feeding time and larval stage on percentage of

larvae molting to the next stage. Data were ranked before
ANOVA was performed

Source af F p
Efiects of initial starvation and feeding time

Initial starvation (0, 1, 2 d) 2 90.12  0.0001
Feeding time 5 12857 0.0001
Initial starvation x Feeding time 10 9.89 0.0001
Effects of larval stage and feeding time

Larval stage (NII, NIII, NV) 2 981 0.0001
Feeding time 5 11789 0.0001
Stage x Feeding time 10 2.06 0.0001

100 E) Newly-molted N V

D) Newly-molited N III

Fig. 5. Balanus amphitrite amphitrite.
Feeding time required to complete in-
dividual larval stages during develop-
ment, and effects of initial starvation
on the feeding time of nauplius II. Data
are plotted as mean + SD, n = 3 per
treatment. Horizontal dash lines indi-
cate 10 and 50% larvae molting to
next stage. Values that do not differ at
0.05 level in Tukey tests, following a
1-way ANOVA using ranked data, are
indicated by the same letter above the
bars. (A} Newly molted nauplius II;
{(B) 1 d starved nauplius II; (C) 2 d star-

8 12 24 ved nauplius II; (D) newly molted nau-
plius III; (E) newly molted nauplius V
Nauplius II A
60
b
40 a
=
< 3
=
L
1)
@
o
=0 ‘
=}
g b
5 Nauplius VI B
E o a
40
20
0

Continuous 12h

Period of food availability (h)

Fig. 6. Balanus amphitrite amphitrite. Etfects of continuous

food availability beyond minimum feeding time on intermolt

duration. Data are plotted as mean + SD, n = 5 per treatment.

Values that do not differ at the 0.05 level in the t-test are

indicated by the same letter above the bars. (A} Nauplius II;
(B) nauplius VI
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duration for nauplius II was 31 h but considerably
longer for nauplius VI (51 h). When food was available
for only 12 h, intermolt duration was also longer in
nauplius VI (60 h) than in nauplius II (43 h) (Fig. 6).

Discontinuity in access to food significantly extended
development time relative to continuous feeding treat-
ment (Fig. 6). Intermolt duration in the continuous
access to food treatment was shorter than in the 12 h
feeding treatments by 39.33 % (nauplius II) and 17.65 %
(nauplius VI).

DISCUSSION

Crustacean larvae are generally thought to be more
sensitive to starvation than are mollusc and echino-
derm larvae (see review of Olson & Olson 1989).
Among crustacean larvae, however, sensitivity to star-
vation differs dramatically. For example, the larval
development of the crab Sesarma curacaoense is quite
independent of external food sources (Anger 1995).
During zoeal development, food is eaten when avail-
able, but zoeal development can be completed even in
the complete absence of food. Moreover, when the
preceding zoeal stages have been fed continuously,
megalopae are able to complete their entire molt cycle
without food (Anger 1995). Zoeal development of S.
reticulatum, however, is more dependent on external
food sources (Anger 1995), as only zoea [ can molt to
the next stage without food. Larval development in S.
cinereum is even more dependent on external food, as
none of the larval stages can molt to the next stage
without feeding (Staton & Sulkin 1991}). These differ-
ences in resistance to starvation within 1 genus sug-
gest that maternal investment may be very different
from species to species. Thus far, the effects of partial
starvation had been studied in only 1 barnacle species,
Balanus improvious (Lang & Marcy 1982). Our results
show that nauplius II of B. amphitrite amphitrite could
withstand initial periods of starvation <3 d. This is
somewhat shorter than what was found in nauplius II
of B. improvious, where larvae could survive up to
6-7 d of starvation (Lang & Marcy 1982). Both studies
(Lang & Marcy 1982, this study) suggest that barnacle
larvae can survive short-term starvation. Such an
ability may help them cope with patchy food supplies
in the field.

In our study, short-term starvation influenced both
survivorship and duration of development. Intermit-
tent food supply prolonged larval development (Fig. 2),
and initial starvation for 2 to 3 d reduced survivorship
and prolonged larval development and MFT (Figs. 3
& 5). Continuous access to food reduced intermolt
duration (Fig. 6). Similarly, in Balanus improvisus,
nauplius II starved for 2 and 4 d retained the ability to

molt, but at a slower overall rate and with increased
mortality relative to controls (Lang & Marcy 1982). All
the above information suggests that short-term star-
vation may be important to the availability of compe-
tent larvae in field populations. Starvation may affect
larval development either by directly leading to death
or by lengthening development time, and thus indi-
rectly increasing the chance of mortality by predation
or misrouting to unfavorable environments.

In a previous study, we reared Balanus amphitrite
amphitrite nauplii at Skeletonema costatum concentra-
tions of 0 to 10° cells ml™! Cyprids were obtained only
at algal concentrations of 10* to 10° cells ml!. The
cyprids from these different food treatments, how-
ever, had similar sizes and metamorphosing capacities
(measured as proportions of larvae that eventually
metamorphosed) (Qiu & Qian 1997). Since cyprids in
that study were often trapped at the water-air surface
by surface tension, it was impossible to quantitatively
compare the duration of the cypris stage for individuals
obtained from different treatments. In this study, we
used sealed Petri dishes, thereby preventing cyprids
from having contact with the air-water interface. As a
result, the duration of the cypris stage could be quanti-
tatively compared among treatments. There were no
significant differences in either the percentage of
cyprids metamorphosing or in the duration of the
cypris stage among the initial starvation treatments
(Fig. 4). These results suggest that feeding history
might not influence post-metamorphosis success in B.
amphitrite amphitrite. In addition, larval size and the
amount of reserve contained in a specific larval stage
are canalized features evolved in this species (in con-
trast to some mollusc larvae which reach smaller sizes
at competence when starved), therefore allowing the
allocation of limited resources to differentiation rather
than to growth (Pechenik et al. 1996).

In the sand shrimp Crangon septemspinosa, larval
development is food dependent during the first 24 h
after hatching, but much less so in competent larvae
(Wehrtmann 1991). A similar phenomenon has been
observed in the seastar Asterina miniata (Allison 1994):
10 to 27 d food deprivation in 1 to 33 d old larvae led
to a significant decrease in survival, while 28 d food
deprivation in 54 to 82 d old larvae did not result in a
significantly lower number of survivors. Lang & Marcy
(1982) paid special attention to the starvation resis-
tance of stage II nauplii of Balanus improvisus, pre-
sumably because they thought early stages would be
the most sensitive to starvation or because nauplius II
were easier to obtain. Since larval Balanus amphitrite
amphitrite in later stages are progressively larger {(Qiu
& Qian 1997) and structurally more complex (Costlow
& Bookhout 1958), their ability to capture food is ex-
pected to increase. This study, however, shows that
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MFT increases progressively at each successive larval
stage (Fig. 3), suggesting that the later larval stages
may be even more vulnerable to short-term starvation,
as the presumed increased feeding capacity of later
stages does not entirely compensate for increased
energy requirements.

The cyprids of Balanus amphitrite amphitrite are
often used in bioassays to evaluate the settlement
deterrent and attractive qualities of a variety of sub-
stances (Rittschof et al. 1984, Holmstrom et al. 1992,
Pechenik et al. 1993, Kon et al. 1995, Willemsen 1995,
Bryan et al. 1996, Clare et al. 1996). In these bioassays,
the number of larvae settling at given periods of time
(usually 24 or 48 h) is determined to calculate percent
settlement. If metamorphosis is indeed independent of
larval feeding history, bioassays using cyprids may
proceed even when sublethal starvation is evident in
the larval stages.

Despile the limitations inherent to laboratory ex-
periments (see Olson & Olson 1989, Fenaux et al
1994), this study does indicate that Balanus amphitrite
amphitrite larvae can survive short-term food short-
ages and that starvation can have a detrimental effect
on the larvae of this species by lowering survivorship
or by lengthening the duration of development.
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