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Can bacterivory alone sustain larval development

in the polychaete Hydroides elegans and
the barnacle Balanus amphitrite?
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ABSTRACT: Although recent studies have found that some invertebrate larvae can meet part of their
metabolic needs through bacterivory, it is unclear to what extent bacterivory can compensate for
reduced phytoplankton abundance. The present study determined whether larvae of a polychaete
(Hydroides elegans) and a barnacle (Balanus amphitrite) can survive, grow, and develop to competence
solely on a diet of bacteria. In laboratory experiments, H. elegans larvae provided with bacteria as their
sole particulate food source completed larval development, attached, and metamorphosed into healthy
early juveniles. In addition, several of these juveniles, when provided with phytoplankton after meta-
morphosis, developed to maturity and spawned viable offspring. Bacterial abundances measured in
Port Shelter, a bay in Hong Kong waters where organisms for the present study were collected, would
not sustain maximum development rates of H. elegans larvae. However, bacterial abundances were
sufficiently high and consistent over time to constitute a reliable food source. Consequently, starvation
may not be a direct cause of larval mortality in this species. On the other hand, B. amphitritelarvae pro-
vided with bacteria did not grow, and death occurred at the same age as in starved larvae, suggesting
they cannot use bacteria as a supplementary food source. Available data suggests that most barnacle
recruitment in Hong Kong waters occurs when phytoplankton abundance reaches peak levels. Recruit-
ment of H. elegans, however, occurs throughout the year, suggesting that spawning and successful lar-
val development may be independent of phytoplankton availability, and that larvae largely rely on
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alternate food sources such as bacteria.
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INTRODUCTION

Most planktotrophic invertebrate larvae readily use
phytoplankton as a food source, and are typically
reared for research or aquaculture on a diet of phyto-
plankton. Organic matter, however, is also available to
larvae in various other forms in the water column,
including dissolved matter (DOM), inert particles, bac-
teria, cyanobacteria, protozoa, and zooplankton. Sev-
eral non-phytoplanktonic sources of organic matter
can be used as food by at least some larvae (e.g. DOM:
Jaeckle & Manahan 1989, Hoegh-Guldberg 1994;
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cyanobacteria: Okaji et al. 1997; protozoa: Baldwin &
Newell 1991; detritus: Qian & Chia 1990). Bacteria, the
focus of the present study, are ingested and assimi-
lated by certain echinoderm larvae (Rivkin et al. 1986,
Pearse et al. 1991) and by bivalve larvae (Chalermwat
et al. 1991, Douillet 1993a, b).

The importance of non-phytoplanktonic forms of
organic matter as food sources is of particular interest
for understanding feeding and energy sources. Since
planktotrophic larvae in many regions may encounter
phytoplankton abundances that are insufficient to sus-
tain survival and growth, bacteria have been sug-
gested as a supplementary source of organic matter
(Crisp et al. 1985, Rivkin et al. 1986, Olson 1987, Douil-
let & Langdon 1993) and nutrients (Phillips 1984, Bald-
win & Newell 1995). This hypothesis is supported by
studies showing that bivalve larvae can obtain enough
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energy through bacterivory to meet a portion of a
larva's metabolic needs (Chalermwat et al. 1991,
Douillet 1993b), and that growth and survival are
enhanced when certain strains of bacteria are added to
phytoplankton cultures used to feed larvae (Martin &
Mengus 1977, Douillet & Langdon 1993). Few studies,
however, have specifically examined the potential of
bacterivory for supporting larval survival, growth, and
development. In particular, it is unclear to what extent
bacteria can support larvae when phytoplankton is
scarce.

This study determines whether bacteria can be used
as a food source by larvae of a polychaete (Hydroides
elegans) and a barnacle (Balanus amphitrite). Specifi-
cally, we examine whether larvae of these species can
use bacteria to sustain survival, growth, and develop-
ment to competence.

MATERIALS AND METHODS

Study organisms and general methods. Hydroides
elegans and Balanus amphitrite are common in Hong
Kong coastal waters (Morton & Morton 1983) and are
widely distributed throughout the world (Costlow &
Bookhout 1958, Hadfield et al. 1994). Gametes are
released and fertilization is external in H. elegans,
whereas adult B. amphitrite release offspring as nau-
plius larvae. In these species, planktonic larval devel-
opment, attachment, and metamorphosis are com-
pleted within 4 to 8 d when phytoplankton is abundant
(Qiu & Qian 1997a, b). For the present study, adults of
both species were collected from Port Shelter, a bay in
eastern Hong Kong waters (Fig. 1).

To obtain Hydroides elegans larvae, 3 to 6 adult
worms of each sex were induced to release gametes by
cracking their tubes at mid-body position (Hadfield et
al. 1994). An aliquot of sperm suspension was mixed
with the oocytes for 5 to 10 min. Final sperm concen-
tration was not monitored, as H. elegans oocytes are
successfully fertilized under a wide range of sperm
concentrations (Pechenik & Qian in press). The re-
maining sperm were then removed by filtering the sus-
pension through a 25 pm screen and rinsing the eggs
in a bath of 0.22 pm filtered seawater (FSW). The eggs
were then placed in a beaker with FSW for ~24 h to
allow development to the trochophore stage.

Adult Balanus amphitrite released nauplius I larvae
when exposed to bright light. Since barnacle larvae
develop through the nauplius I stage without feeding
(R. R. Strathmann 1987), newly released larvae were
placed in FSW for ~12 h to allow development to nau-
plius II.

For Expts 3 and 4, described below, antibiotics were
added to seawater for the first 24 h (Hydroides ele-
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Fig. 1. Map of Port Shelter, Hong Kong, showing sampling

sites in the 3 areas for which bacterial concentrations were

determined. Stns S1 and S2 are nearshore stations, with S1

being located at the pier of the Hong Kong University of Sci-

ence and Technology (HKUST); O1 and O2 are offshore sta-

tions. Stns F1 to F3 were located at the perimeter of a fish farm
operation (EZ1)

gans) or 12 h (Balanus amphitrite) of development
after spawning. The solution consisted of 150 pg ml-!
Streptomycin sulphate and 100 pg ml™! Penicillin G
sodium salt. All larvae were then rinsed in untreated
FSW before transferring to one of the treatments. For
size measurements, larvae were anaesthetized in a
solution of 10 to 20% ethanol in seawater; these lar-
vae were discarded after measurements. During the
experiments, larvae were kept in incubators at 22 to
23°C.

Bacterial concentrations. Field concentrations: To
characterize bacterial availability to larvae in local
waters, bacterial concentrations (cells ml™!) were
determined for surface seawater samples collected
monthly at 7 sites from October 1996 to June 1997. The
sites (Fig. 1) were located in Port Shelter, which sup-
ports populations of both study species, and were dis-
tributed among 3 areas: 2 sites were nearshore loca-
tions close to the Hong Kong University of Science and
Technology, 3 sites were on the opposite side of the
bay at the perimeter of a fish farming operation, and 2
offshore sites were located part way between the uni-
versity and the fish farm (Fig. 1). Seawater samples
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were collected during the last week of each month at a
depth of 20 to 40 cm and were immediately preserved
with 0.22 pm filtered, buffered formaldehyde to final
concentrations of 3.75% formaldehyde. Within 3 d of
sampling, and in most cases within 24 h, a subsample
of each formaldehyde-treated seawater sample was
stained with Acridine Orange and filtered onto a poly-
carbonate filter. The procedures used to stain, filter,
and subsequently count bacteria were as described by
Turley (1993} and by Suzuki et al. (1993). When sam-
pling, water temperature was measured and an addi-
tional untreated seawater sample was collected from
one nearshore site for salinity measurements.

Concentrations in treatment suspensions: The stain-
ing and counting procedures described above were
also used to quantify bacterial concentrations in treat-
ment suspensions. In Expts 1 and 2, bacterial concen-
trations in the treatment suspensions were determined
only once, prior to adding larvae. In Expts 3 and 4, con-
centrations were determined once prior to adding lar-
vae and again 1 d later, immediately after larvae were
removed and transferred to new suspensions, as larvae
were transferred to new suspensions every day.

Preparation of food treatments. The experiments
described below included 3 food treatments: phyto-
plankton, bacteria, and control. The phytoplankton
treatment served to assess larval performance in con-
ditions of abundant phytoplankton supply, whereas
the control treatment served to assess larval perfor-
mance in the absence of phytoplankton and with mini-
mal bacteria.

The dinoflagellate Isochrysis galbana (Tahitian) was
provided in the phytoplankton treatments of the Hy-
droides elegans experiments, whereas the diatom Tha-
lassiosira pseudonana was provided in the Balanus
amphitrite experiment. All phytoplankion were grown
in /2 medium; cultures were not axenic. Phytoplank-
ton treatment suspensions were prepared by cen-
trifuging a sample of the phytoplankton culture at
1100 x g, pipetting out the supernatant, and resus-
pending the cells in autoclaved artificial seawater
(MBL general purpose formula; Bidwell & Spotte 1985,
M. F. Strathmann 1987) at 32%. salinity. The resulting
phytoplankton treatment suspensions contained 10° to
10° cells ml™%.

Bacteria treatment suspensions contained 4 strains of
heterotrophic marine bacteria obtained and isolated
from surface water in Port Shelter, and consisted of
cocci (1 strain) and short rods (3 strains) (S. Lau pers.
comm.). Original stocks of each strain were maintained
separately in autoclaved nutrient broth (25 g I"!, Nutri-
ent Broth No. 2, Oxoid Inc.). One ml of each of the 4
stock suspensions and an additional 1 ml of sterilized
nutrient broth were placed together in 400 ml of FSW
(final suspension contained 1.25% of recommended

nutrient broth concentration) and incubated at 30°C.
Such a bacterial culture was used to prepare treatment
suspensions only twice, at 24 and 48 h after inocula-
tion; new bacterial cultures were prepared every 2 d.
To prepare bacterial treatment suspensions, aliquots of
bacterial culture were centrifuged at 7750 x g for
10 min and the bacteria were then resuspended and
diluted in autoclaved artificial seawater. This suspen-
sion was then passed through a glass fibre filter
(2.7 pm pore size) which removed clusters and left
almost exclusively single bacterial cells, as determined
by microscopic examination of 2 filtered samples.
Preparation procedures were aimed at producing
approximate rather than exact bacterial concentra-
tions. Each day, twice the required amount of bacterial
suspension was prepared, half of which was used to
prepare the control treatment solution.

Control treatment solutions were obtained by filter-
ing half of the bacternial treatment suspension through
a 0.22 ym membrane, thereby standardizing the initial
content of dissolved materials, including DOM, among
these 2 treatments. Since larval cultures were not
axenic, however, some bacteria were inevitably trans-
ferred with the larvae into the control treatment. To
minimize bacterial content and growth in the control
treatment, 4 steps were taken: (1) larvae wererinsed in
a bath of FSW on the first day of the experiments, just
before transferring them to the treatment suspensions,
(2) treatment suspensions were prepared with auto-
claved artificial seawater, made with reagent grade
chemicals and distilled water, to minimize the avail-
ability of nutrients, (3) all material coming into contact
with treatment suspensions was rinsed in distilled
water and either autoclaved daily or kept in an oven at
75°C, (4) treatment suspensions and culture trays or
beakers were replaced daily. The same procedures
were also repeated for bacteria and phytoplankton
treatments to standardize their effects.

Expt 1: growth of Hydroides elegans. This first
experiment examined whether H. eleganslarvae could
obtain sufficient energy and nutrients from bacteria to
support growth. Cell concentrations in the bacterial
treatment were set at high levels (~1.5 x 107 cells ml™1).
Larvae were placed in four 6-well trays (Corning®
#25810), each treatment occupying 2 replicate wells
per tray, for a total of 8 replicate wells per treatment.
Each well received 4 to 6 larvae in 4 ml of treatment
suspension. After 3 d, 3 larvae were haphazardly col-
lected from each well (i.e. 24 larvae per treatment),
anaesthetized, and measured (body length) using a
compound microscope. Larval size at the start of the
experiment had been determined by measuring a set
of 24 larvae on the first day.

Expt 2: survival and development of Hydroides
elegans. The goal of the second experiment with H.
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elegans was to examine the implications for larval sur-
vivorship of having bacteria as the sole source of par-
ticulate food. On the seventh day of the experiment,
larvae in the phytoplankton and bacterial treatments
began attaching to the surface of the treatment wells,
allowing the additional determination of the propor-
tion of individuals developing to competence. Cell con-
centrations in the bacteria treatment were set at ~4 x
10° cells ml™!, comparable to the highest concentra-
tions observed in the field (see ‘Results’).

For this experiment, larvae were placed in three 6-
well trays, each treatment occupying 2 replicate wells
per tray, for a total of 6 replicates per treatment. Each
well received 10 larvae in 4 ml of treatment suspen-
sion. Survivorship and attainment of competence
(attachment not artificially induced) by larvae within
each well were determined daily, prior to transferring
the live larvae to new trays. On Day 9, the remaining
larvae were tested for competence by transferring
them to Falcon® #1006 petri dishes in 5 ml of @ 0.022 g
I"! (10~* M) solution of isobutyl methylxanthine (IBMX)
in FSW (Bryan et al. 1997). Individuals in these dishes
were re-examined 24 h later and were recorded as
competent if they had attached to the surface, lost their
ciliated ring, and begun developing tentacles.

Expt 3: development time, size at competence, and
postlarval development oi Hydroides elegans. The
first part of this experiment examined larval develop-
ment time and body size at competence of H. elegans
in moderate bacterial concentrations. Cell concentra-
tions in the bacteria treatment were set at ~1 to 2 x
10°% cells ml™!, comparable to concentrations commonly
observed at our field sites (see 'Results’). Larvae were
placed in 100 ml glass beakers, 3 replicate beakers per
treatment. Beakers each contained ~200 larvae in
60 ml of treatment suspension. Each day, larvae were
gently removed from the suspensions using 25 pm
Nitex® screens, rinsed in 2 baths of FSW, and resus-
pended in new beakers containing new treatment
suspensions. Larvae were inspected daily until some
individuals developed elongated, flexible bodies char-
acteristic of competent larvae; this first occurred in the
phytoplankton treatment on Day 6. Once a day, start-
ing on Day 6, a subsample of larvae from each beaker
were tested for competence. To test for competence, 10
larvae were transferred from each beaker into sepa-
rate Falcon® #1006 petri dishes containing 5 ml of
IBMX solution; individuals were re-examined after
24 h for attachment and metamorphosis. Attachment of
larvae within culture beakers was also recorded daily.
Body lengths of 15 larvae from the phytoplankton
treatment were measured on Day 7, when a large pro-
portion of individuals in this treatment had reached
competence. A set of larvae from the bacteria and con-
trol treatments were measured on Day 11, when the

proportion of competent larvae in the bacteria treat-
ment had peaked; by that time all individuals in the
phytoplankton treatment had either metamorphosed
or died.

The second part of Expt 3 examined whether indi-
viduals that used bacteria as sole particulate food
source during the larval phase could then develop nor-
mally as juveniles and adults. On Day 11 of Expt 3, cul-
ture beakers of the bacteria treatment on which a total
of 77 Hydroides elegans had attached over the previ-
ous 24 h were set aside and provided with Isochrysis
galbana every 2 to 4 d. After 25 d, the beakers were
emptied to check individuals for maturity. Gametes
were obtained, the procedure for fertilization de-
scribed in the section ‘Study organisms and general
methods' was applied, and the larvae were reared
using 1. galbana as food.

Expt 4: survival and growth of Balanus amphitrite.
The fourth experiment examined whether B. am-
phitrite larvae could obtain energy and nutrients from
bacteria to support growth and survival. For this pur-
pose, bacterial suspensions were prepared to high con-
centrations, at ~4 x 10° cells ml™!, comparable to the
highest bacterial concentrations observed in the field
(see 'Results'). Stage 2 nauplii were placed in three 6-
well trays, each treatment occupying 2 replicate wells
per tray, for a total of 6 replicates per treatment. Each
well received 10 larvae in 8 ml of treatment suspension
(i.e. 60 larvae per treatment). Observations of survivor-
ship and swimming activity were recorded daily. The
stage of larval development was determined for indi-
viduals found dead on Day 8 and for all those remain-
ing on Day 9.

RESULTS
Bacterial concentrations

Field concentrations. Average bacterial concentra-
tions in Port Shelter ranged from 0.63 to 3.94 x 10° cells
ml~! (Fig. 2). The single highest value was 4.22 x 10°
cells ml™! observed in the offshore area in April,
whereas the lowest recorded concentration was 0.47 x
10° cells ml”! in the nearshore area in March. Seventy-
eight percent of bacterial concentration values re-
corded over the 9 mo observation period were within
the range 1 to 3 x 10° cells mI™".

Concentrations in treatment suspensions. In Expt 1,
a single determination of initial bacterial concentra-
tion, before adding larvae, was carried out for the bac-
teria treatment suspension. Concentration in this sus-
pension was 1.6 x 107 bacteria ml™!. In Expts 2 and 4,
initial cell concentrations in the bacteria treatment sus-
pensions were 4 to 5 x 10° cells ml*} (Fig. 3). Bacteria
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Fig. 2. Bacterial concentrations determined for surface sea-

water samples from 3 areas of Port Shelter, Hong Kong. Also
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Fig. 3. Average bacterial concentrations in control, bacteria,

and phytoplankton suspensions of Expts 2, 3, and 4. For each

of these experiments, bacterial concentrations were deter-

mined once prior to adding larvae {‘initial’ values). For Expts 3

and 4, concentrations were also determined a second time

after the larvae had spent 24 h in the suspensions (‘after 1 d’
values)

treatment suspensions in Expt 3 were further diluted,
resulting in a concentration measurement of 1.98 x
10° cells ml™! (Fig. 3), comparable to concentrations
observed in the field during much of the year. In
Expts 3 and 4, cell concentrations in the bacteria treat-
ment after 1 d with larvae were lower than initial con-
centrations, whereas moderate bacterial growth was
apparent in the controls.
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Fig. 4. Hydroides elegans. Average body lengths of trocho-

phore larvae at the start of Expt 1 (initial size), and after 3d in

each of the 3 treatments. All values were significantly differ-

ent from each other, as determined by a Tukey multiple com-
parisons test at o = 0.05

Expt 1: growth of Hydroides elegans

Average body lengths of larvae at the start of the
experiment and 3 d later in the 3 treatments differed
significantly (nested ANOVA, with replicate wells as
nesting factor; p < 0.0001, n = 96). Individuals in each
treatment grew to different sizes over the 3 d period
(Fig. 4), with larvae in the bacteria treatment reaching
smaller sizes than those in the phytoplankton treat-
ment (Tukey multiple comparisons test, o = 0.05). In
addition, larvae in each treatment, including the con-
trol, had significantly larger bodies than at the start of
the experiment.

Expt 2: survival and development of
Hydroides elegans

Survivorship in the bacteria and phytoplankion
treatments was relatively stable and remained above
85% (Fig. 5A), whereas survivorship in the control
decreased gradually after Day 3. The increased mor-
tality in the controls after Day 8 corresponded to a drop
in swimming activity in these larvae. On Day 10, the
last day of the experiment, differences in survivorship
among treatments were slightly above the 5% signifi-
cance level (complete block ANOVA on arcsin trans-
formed data, p = 0.056, n = 18; Zar 1984).

Many larvae in the bacteria and phytoplankton
treatments reached competence during the experi-
ment and attached to the surfaces of the treatment
wells. Attachment began on Day 7 in both the phyto-
plankton and the bacteria treatments (Fig. 5B). Cumu-
lative attached individuals (i.e. total attached since the
beginning of the experiment) differed significantly
among the 3 treatments on Day 7 (Friedman's test, y?, =
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Fig. 5. Hydroides elegans. (A) Survivorship of larvae in
Expt 2. (B) Cumulative percentage of larvae in Expt 2 that
attached to the surfaces of the culture trays. On Day 9, the
remaining larvae were tested for competence with a 107 M
solution of IBMX (see text); values for Day 10 are also cumu-
lative, and include individuals attaching in the IBMX assay
and those that had previously attached to the culture trays

12.67, p < 0.005, n = 18; Zar 1984) and on Day 10 (32 =
23.68, p < 0.001, n = 18). Nonparametric multiple com-
parisons, to determine which pairs of treatments dif-
fered, could not be performed due to insufficient sam-
ple sizes (Gibbons 1993). Nevertheless, attachment of
larvae on Day 7 in the phytoplankton treatment was
3.5 times higher than in the bacteria treatment. On
Day 10, after the larvae remaining on Day 9 had been
placed in IBMX for 24 h, the cumulative number of
attached larvae was similar in bacteria and phyto-
plankton treatments and there was substantial overlap
of the standard errors for these 2 treatments (Fig. 5B).
Larvae in the phytoplankton treatment therefore
appear to have developed slightly faster than those in
the bacteria treatment, but by Day 10 similar propor-
tions of individuals in the 2 treatments had reached
competence. Larvae in the control treatment did not
attach nor did they develop the elongated body form
observed in larvae reaching competence in the other
treatments.

Expt 3: development time, size at competence, and
postlarval development of Hydroides elegans

The first larvae to reach competence in the bactera
treatment did so by Day 8 (Fig. 6A). During the follow-
ing 24 h, larvae in the bacteria treatment also began
attaching to surfaces of the culture beakers. Percent
competence in the bacteria treatment peaked on
Day 11 at 57 %. By comparison, larvae in the phyto-
plankton treatment first became competent on Day 6
and individuals were found attaching to the phyto-
plankton culture beakers the same day. Percent com-
petence in the phytoplankton treatment peaked on
Day 8 at 87%. Development of larvae provided with
moderate bacterial concentrations was therefore 2 to
3 d slower than those provided with abundant phyto-
plankton. In addition, the body length of larvae in the
bacteria treatment on Day 11 was on average 18%
smaller than that in the phytoplankton treatment on
Day 8 {Fig. 6B), although the difference was not quite
significant (nested ANOVA, F=6.31, p=0.087, n =34).
Larvae in the controls did not reach competence nor
did they develop the body length or form observed in
larvae reaching competence in other treatments.

For individuals from the bacteria treatment that
attached to the culture beakers and were then reared
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Fig. 6. Hydroides elegans. (A) Percent competent larvae (non-

cumulative) as determined daily in Expt 3 using the IBMX

assay (see text). (B) Average body length of larvae on the day

of peak percent competence: Day 7 in the phytoplankton

treatment, Day 11 in the bacteria treatment. Larvae in the

control were also measured on Day 11, although none had
reached competence
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with Isochrysis galbana, postlarval survivorship could
not be determined because some individuals detached
from the glass surfaces of the beakers and were lost
during periodic seawater changes. Nevertheless,
~50% of individuals were still present and alive 25 d
after attaching to the beakers. On that day, virtually all
individuals spawned spontaneously and profusely dur-
ing the first ~10 min of emersion. Samples of these
gametes successfully fertilized and produced larvae
which developed to competence and attached to their
culture beaker after 5 d using I galbana as food.
Although fertilization success was not quantified,
many larvae were obtained and thousands developed
to competence, comparable to what we regularly
obtain with gametes from field collected adults.

Expt 4: survival and growth of Balanus amphitrite

Survivorship of Balanus amphitrite larvae in the con-
trol and bacteria treatments was similar, decreasing
after Day 5 and dropping to less than 22% by Day 9
(Fig. 7A). In the phytoplankton treatment, however,
little mortality occurred during the experiment. These
patterns in survivorship are consistent with observa-
tions of swimming activity, with larvae in the control
and bacteria treatments becoming considerably less
active beyond Day 5 and remaining on the bottom of
the trays, whereas most individuals in the phytoplank-
ton treatment swam actively throughout. Barnacle lar-
vae in the bacteria and control treatments did not
moult; all individuals remained at the nauplius II stage
(Fig. 7B). All larvae in the phytoplankton treatment,
however, moulted at least once, and most individuals
had reached nauplius V or VI by Day 9.

DISCUSSION
Bacterivory

At bacterial concentrations comparable to those
commonly observed in the field, Hydroides elegans
larvae were able to obtain enough energy and nutri-
ents to support survival and growth. Bacterivory by H.
elegans larvae was confirmed by observations of indi-
viduals from bacteria treatments under a compound
microscope: these larvae had distended guts contain-
ing translucent white material, similar in colour to cen-
trifuged bacteria pellets. To our knowledge this is the
first record of bacterivory by a trochophore larvae. The
most significant finding of this study is that H. elegans
can complete larval development, attach, and meta-
morphose into healthy early juveniles in the absence of
phytoplankton by using bacteria as food. This 1s the
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Fig. 7. Balanus amphitrite. (A} Survivorship of larvae in
Expt 4. Vertical dotted line indicates the time when swim-
ming activity decreased noticeably in control and bacteria
treatments. (B) Frequency distribution of larval stages at the
end of Expt 4; shown are pooled data from individuals found
dead on Day 8 and from all remaining individuals on Day 9

first study to demonstrate full larval development,
attachment and metamorphosis by planktotrophic lar-
vae using bacteria as sole source of particulate food. In
addition, the subsequent normal development of these
juveniles in Expt 3 confirmed that H. elegans which
have used bacteria as sole source of particulate food
during the larval phase can metamorphose into
healthy juveniles and subsequently develop to matu-
rity and spawn viable offspring.

Hydroides elegans larvae readily consumed phyto-
plankton when available, as was apparent from the
yellow-green colour of the gut and enhanced growth
and development of individuals provided with Isochry-
sis galbana. Since bacteria were also present in the
phytoplankton treatment, this suggests that H. elegans
larvae either preferred I galbana over the bacterial
strains present in the cultures, or that food particles
were consumed as they were encountered. Since
phytoplankton is rarely absent in the field, larvae may
use bacteria mainly as a dietary complement rather
than an exclusive source of particulate food.

Balanus amphitrite, on the other hand, did not
acquire detectable benefits from bacteria. Even at con-
centrations of bacteria that were high relative to local
field conditions, barnacle larvae did not grow and their
survival was similar to that of starved larvae. In addi-
tion, barnacle larvae in the bacteria treatment did not
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accumulate particulate material in their gut, as deter-
mined by observations with a compound microscope.
These results are consistent with previous studies
showing that barnacle larvae are unable to use or in-
efficient at using small phytoplankton cells as food
(reviewed by R. R. Strathmann 1987), and suggest that
B. amphitrite larvae are unable to capture bacteria.

Planktotrophic larvae therefore vary considerably in
their ability to use bacteria as food, with Hydroides ele-
gans and Balanus amphitrite representing extreme
types. Intermediate types would also exist according to
reports that certain bivalve larvae can obtain enough
energy and nutrients from bacteria to cover part but
not all of metabolic requirements (Mulinia lateralis:
Chalermwat et al. 1991; Crassostrea gigas: Douillet
1993b).

Ecological implications

Hydroides elegans larvae that were provided with
bacteria at concentrations similar to that commonly
vceurring in ihe field grew more siowiy and reached
competence later than did those provided with an
abundant supply of phytoplankton. Bacterial abun-
dances in Port Shelter, therefore, would not sustain
maximum growth rates of H. elegans larvae. H. ele-
gans larvae did, however, reach the early juvenile
phase even in the absence of phytoplankton, indicat-
ing that they might not depend on phytoplankton for
successful development. Whether bacteria are suffi-
cient as the sole source of particulate food in the field
will partly depend on the size range of available bacte-
ria. Cell sizes of bacteria from the field and in experi-
mental suspensions were not measured, but bacteria
reared in the laboratory can attain larger sizes than in
the field (Lee & Fuhrman 1987). Consequently, bacter-
ial availability to larvae in experimental suspensions
may have been higher than is suggested by cell con-
centrations alone.

Field culturing experiments with Acanthaster planci
larvae found that larvae survived well and developed
at near-maximal rates at phytoplankton levels previ-
ously believed to be below the minimum threshold for
this species (Olson 1987). The use of non-phytoplank-
tonic food sources, including bacteria, was proposed as
a possible explanation for these results, which suggest
that starvation may not be an important cause of mor-
tality in A. plancilarvae. Our results suggest starvation
is unlikely to be a direct cause of larval mortality in
Hydroides elegans as well, but that starvation during
periods of low phytoplankton levels cannot be
excluded for Balanus amphitrite.

During most of the year, phytoplankton concentra-
tion in Hong Kong waters remains <10° cells m!! (Chiu

et al. 1994, Qiu & Qian 1997a and references therein);
such concentrations are insufficient to support either
Hydroides elegans or Balanus amphitrite larval devel-
opment (Qiu & Qian 1997a, b). However, during a 2 yr
study of phytoplankton in Tai Tam Bay, ~15 km from
Port Shelter, phytoplankton abundance peaked in mid
to late summer for a period <2 mo {Chiu et al. 1994).
Correspondingly, most barnacle recruitment in Port
Shelter occurs in late summer (species not identified;
Qian unpubl. data). Recruitment of H. elegans in Port
Shelter, however, occurs throughout the year, with
increased attachment to experimental panels observed
during the late winter and spring (Qian unpubl. data),
suggesting that spawning and successful larval devel-
opment are independent of phytoplankton availability.
In fact, larval survival and development of H. elegans
during the summer can be negatively affected by the
reduced salinities occurring at that time (Fig. 2) due to
the summer monsoon {Qiu & Qian 1997a). Although
phytoplankton might constitute a better food source for
H. elegans than bacteria, any advantages of increased
phytoplankton availability in the summer could be
modest relative to negative effects of other tactors such
as reduced salinity.

Even in regions where phytoplankton availability
reaches high levels, pronounced spatial and temporal
variations in phytoplankton availability are common
(Cloern 1991, Pae & Yoo 1991, Pitcher et al. 1991, Zie-
mann et al. 1991, Litaker et al. 1993). Bacteria, on the
other hand, can be present at relatively high concen-
trations (210° cells mi~!) throughout the year (Rivkin et
al. 1986, Turley 1993, present study), with concentra-
tions in eutrophic coastal regions reaching up to
107 cells ml™! (cf. Douillet 1993a). Since gaps in feeding
can negatively affect larval development (Lang &
Marcy 1982, Wehrtmann 1991, Qian & Chia 1993, Qiu
et al. 1997, Pechenik & Qian in press, Qian & Pechenik
in press), larvae could benefit significantly by supple-
menting their food intake with bacteria when phyto-
plankton is less available or even use bacteria alone
when phytoplankton is scarce.
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