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ABSTRACT: Larval food abundance is one potential cause of recruitment variation in benthic inver-
tebrates, including bivalves. Bivalve veliger larvae can clear particles <~10 pm. However, the parti-
cle retention efficiency (PRE) of bivalve larvae differs among species, so is necessary to determine
larval food abundance in nature. We investigated the PRE of larvae of the asari clam Ruditapes
philippinarum, which recently has greatly decreased in numbers in Japan. Artificially hatched larvae
from the umbo to the full grown stage were exposed to natural food assemblages. Larval clearance
rates were determined for particles in 32 size ranges from 0.8 to 18 pm. We observed significant clear-
ance of particles in the ~1 to 8 nm size range, with the highest clearance rates being on 1.4 to 2.0 pm
particles. Larval ingestion of the natural food assemblages ranged from 50 x 102 to 120 x 10? pm?
ind.”! h™!, which is below the hatchery food ration, suggesting larval food limitation in nature.
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INTRODUCTION

Events affecting larvae greatly influence the popula-
tion dynamics of benthic marine invertebrates with
planktonic larvae, including bivalves found in soft sedi-
ments (Thorson 1950, Olafsson et al. 1994). Variation
in larval food abundance is one potential cause of re-
cruitment variation because it influences larval growth
and survival (Liang 1995, Chicharo & Chicharo 2001,
Garcia-Esquivel et al. 2001, Bricelj & MacQuarrie
2007, Przeslawski et al. 2008). However, it is difficult to
evaluate larval food abundance in nature because
information on larval diet is limited (Bos et al. 2006).

The natural diet of bivalve veliger larvae is thought
to be nanoplankton (Baldwin 1995, Raby et al. 1997,
Sommer et al. 2000). In laboratory experiments with
Mytilus edulis larvae, the highest clearance rate was
seen for food particles in the size range of 2.5 to 3.5 pm
(Riisgard 1980, Sprung 1984a). Particle retention effi-
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ciency (PRE) of bivalve larvae varies among species
(Riisgard 1980, 1988, Sprung 1984a, Baldwin 1995,
Riisgdrd et al. 2000), and thus it is necessary to deter-
mine the size range of the potential larval diet (i.e. the
PRE) in order to assess larval food abundance in nature.

The asari clam (Ruditapes philippinarum; also known
as the Manila clam and short-necked clam) is indige-
nous to coasts of East Asia and Japan. The fishery pro-
duction in Japan decreased from a maximal produc-
tion of 140000 tonnes in 1985 to 35000 tonnes in 2005
(Ministry of Agriculture, Forestry and Fisheries, Japan
2007). Although the reason for the decrease is un-
known, decreasing recruitment may be one cause
(Ishii et al. 2001, Toba et al. 2007). Measures of larval
food abundance in nature can be used to determine if
larval growth is limited by food availability.

The PRE of asari clam larvae has not been deter-
mined, although the larvae can be grown in hatcheries
on standard algal diets for bivalve larvae (e.g. Pavilova
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lutheri or Chaetoceros calcitrans) (Miyama & Toba
1990, Yan et al. 2006). Information about the size of
food particles in the natural larval diet may also
improve larval rearing techniques in the hatchery. In
this study, we investigated the clearance rate and PRE
of asari clam larvae in natural seawater to better
understand larval ingestion rates on natural food
assemblages.

MATERIALS AND METHODS

PREs of asari clam larvae were examined in 4 sepa-
rate experimental trials. Larval stage varied between
trials; umbo stage to full-grown larvae were used. The
clam larvae for the experiments were spawned and
grown in our laboratory on standard algal diets
(Paviova lutheri, Chaetoceros calcitrans, or Chaeto-
ceros gracilis). Natural seawater was collected for the
experiments at a depth of ~2 to 5 m from the floating
dock in front of our laboratory (water depth approxi-
mately 10 m) during mid- to high tide using a Niskin
water sampler. This area is a natural habitat for the
asari clam. Collected seawater was filtered through a
20 pm mesh screen and then poured into six 500 ml
plastic bottles. Equal volumes of a uniform suspension
of clam larvae were added to 3 of the bottles and the
remaining 3 bottles were treated as controls. Larval
densities were high enough for significant particle
reduction during the experimental period (4 h), but
were not adjusted to the same density in every trial
(range 4.9 to 28 larvae ml™!). An even distribution of
particles and larvae was achieved in the experimental
containers by continuous mixing, gentle bubbling in
Trial 1 and with a plankton wheel (at 1 rpm) in the
other 3 trials. Experiments were conducted at room
temperature. Dates of each trial, larval size, larval den-
sity, temperature, salinity, and other experimental con-
ditions are shown in Table 1.

Immediately after the addition of larvae and at the
end of the 4 h experimental period, a sample of water
(~50 ml) was taken from each bottle and filtered
through a 20 pm mesh screen, then the particle con-
centration was determined using a Coulter Counter

Multisizer 3 fitted with a 30 pm aperture tube (Beck-
man Coulter). The particle counter recorded the num-
ber and volume of particles in 0.25 to 0.3 ml of sample.
Particle concentration was determined for 32 size
ranges between 0.8 and 18 pm. The values separating
the 32 size ranges were defined by In(0.8) + n x [In(18)
—1In(0.8)]/32 for n = 0, 1, 2... 32. Particle counting was
repeated 6x for each sample, and the particle concen-
trations were averaged. To determine larval counts
and shell lengths, duplicate or triplicate 10 ml samples
were taken from each experimental bottle at the end of
the experiments and fixed with 3 % neutral formalin or
1% glutaraldehyde. Larval numbers in the samples
were counted using an inverted microscope. Larval
shell length was determined from measurements of 50
larvae.

We calculated the rate of change in particle concen-
tration (k) for each of the 32 size ranges from the equa-
tion of Frost (1972):

C2 = C1ek[t27t1) (1)

where C; and G, are particle concentrations (pm?® ml™?)
in control bottles at times t; and t,, respectively. For
each larval bottle, the grazing coefficient (g) was cal-
culated from:

Ch = Chelk-9) (2=t 2)

where Ci and Cj are particle concentrations in larval
bottles at times ¢ and t,, respectively, and k is the
mean k of the 3 control bottles. For each larval bottle,
the average particle concentration, C, during time
interval t, — t; was calculated as:

= G -G

= 3)
(t,—t)(k—9g)

For each larval bottle, the clearance rate (CR, pl

ind.”! h™') was calculated as:

CR = g/d )

where dis the larval density. We used the mean larval
count from the 3 experimental bottles as the value for d
because no statistically significant differences in larval
counts were observed among the larval bottles in any
experiment.

Table 1. Experimental conditions for each trial. Data are mean + SD (n). Temperature and salinity were measured at the end of the
experiments (n = 6)

Trial Date  Temperature Salinity Shell length Stage Larval density Mixing method Spawn date
(2007) (°C) (psu) (pm) (ind. mlI™?) (2007)

1 19Jun 24.6+0.09 31.7+0.05 2054 +13.5 Full grown 14.4 + 9.7 (6) Gentle bubbling 5 Jun

2 13 Jul 24.5+0.12 29.8+0.15 141.1+11.8 Umbo 28.0 £8.5(9) Plankton wheel 6 Jul

3 21 Aug 257+0.00 31.8+0.06 128.7+6.0 Umbo 13.2+2.0 (9) Plankton wheel 15 Aug

4 30 Aug 25.8+£0.04 30.7+0.00 191.9+21.2 Full grown 49+1.0(9) Plankton wheel 15 Aug
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CRs over all particle size ranges were smoothed using
the ‘super smoother’ function of the statistical software
package R, which determines the best span for
smoothing by using local cross-validation (Takezawa
2005, R Development Core Team 2008). The highest
clearance rate (peak CR) and the particle size of the
peak CR were determined from the highest value of
the smoothed lines. For each larval bottle, the inges-
tion rate (IR, pm?® ind.”! h™') was calculated as:

IR=CxCR (5)

The cumulative IR was also calculated by summing
IR beginning at the 0.8 pm size range. If the IR for a
given size range was <0, that value was not included in
the cumulative calculation.

RESULTS

Because we used natural seawater, the initial parti-
cle concentrations were different for each trial (Fig. 1).

54 Trial 1

T TTTTTTITITT
6 8 11 16

5 Trial 3

Particle concentration (10% pm?3 mlI1)

I T T TTTTTITTIImmm
1 2 3 4 6 8 11 16

In Trial 1, there was a peak in particle volume at the 10
to 13 pm size, whereas in Trial 2, there were peaks at
4-6 and 10-13 pm. In contrast, there were no clear
peaks in particle size distributions in Trials 3 and 4.
Microscopic observation showed that the peaks in
Trials 1 and 2 reflected the presence of several species
of flagellates and diatoms, and were not due to a single
dominant species.

There was a significant increase in particle concen-
tration in the control bottles (Fig. 2; k> 0, p = 0.05) for
small particles (<~1.5 pm) in all trials. Significant
decreases (k< 0, p < 0.05) were seen in approximately
3 to 6 pm particles in Trials 1, 3, and 4. Values for k var-
ied for the larger particles, especially in the >13 pm
sizes in Trials 3 and 4, showing a large rate of decrease
(k<-0.1).

We determined the CR for each size range in each
trial (Fig. 3). Significant clearance was seen in the size
ranges from 0.8—1 to 8-9 nm (p <0.05). Overall, the CRs
were highest for 1 to 3 pm particles. We also measured
negative CRs for 4 to 6 pm particles in Trials 3 and 4.
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Fig. 1. Initial concentrations of particles in different size ranges for each trial in experimental bottles containing larvae (mean
+ SD; n = 3 for all trials)
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Fig. 2. Rate of change of particle concentrations in control bottles (k; see Eq. 1 in text) for each trial (mean + SD of 3 bottles).
*Rates significantly different from 0 (p < 0.05)

The peak CR in the 4 trials ranged from 5.8 to 23.4 l
ind.”' h™!. Particle size of the peak CR ranged from 1.4
to 2.0 um. Although particle size at peak CR seemed
to increase with increasing larval shell length, the
relationship was not statistically significant (Fig. 4;
ANOVA, p = 0.259).

For each trial, the cumulative IR (um® ind.”! h™?)
increased with increasing particle size and reached a
maximum at a particle size of ~8 to 10 pm. The maxi-
mum cumulative IR in the 4 trials ranged from ~50 X
102 to 120 x 10% um® ind."! h™! (Fig. 5).

DISCUSSION

In calculating CRs, we assumed that changes in the
control bottles were applicable to the treatment bottles
in the absence of larvae. It is important to examine the
validity of this assumption. In the control bottles, we
observed a significant increase in particles <1.5 pm
in all trials (Fig. 2). These increases were probably

caused by bacterial growth, as this rate of increase is
within the range of growth rates of coastal bacteria
(Yokokawa & Nagata 2005). If the presence of larvae
had any stimulative or inhibitory effect on bacterial
growth, then the applicability of changes in control
bottles becomes questionable. Significant decreases
were seen in 3 to 6 pm particles in the controls for
Trials 1, 3, and 4. This might be from some grazing
organisms that passed through the 20 pm screen or
from adhesion to the inner bottle surface. High rates of
decrease were also seen for larger particles (>~13 pm)
in Trials 3 and 4. However, these decreases were not
always statistically significant because of the large
variance caused by the lower particle concentration in
these size fractions in Trials 3 and 4 (Fig. 1). Because of
this large variance, we suspect that these decreases
were the same in the bottles containing larvae.

We observed similar patterns of PRE in the 4 trials.
Significant CRs were seen in the 0.8-1 to 8—9 pm par-
ticle size fractions (Fig. 3). CRs were highest at the 1 to
3 pm particle sizes. CRs for 4 to 6 pm particles were
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Fig. 3. Ruditapes philippinarum. Clearance rates (CR) by particle size for each trial. Error bars: SD of the 3 treatment bottles.
*Rates significantly different from 0 (p < 0.05). (——) Clearance rate data after using a smoothing function (see text)

low in Trial 1, not significant in Trial 2, and negative in
Trials 3 and 4. The negative values might reflect fecal
excretion, although effects of fecal production were
not part of this study. The different mixing systems did
not seem to affect the results, although the systems
were not compared under identical conditions.

The peak CRs ranged from 5.8 to 23.4 pl ind.”! h'?
(Fig. 3). Differences in larval size and density among
the 4 trials would explain this. CRs of Mytilus edulis
larvae range from 19 to 37 pl ind.”* h™! for 156 to
195 pm larvae at 18°C (Sprung 1984a). CRs in our
study (5.8 to 23.4 pl ind.”! h™!) were lower despite the
higher experimental temperature (24.5 to 25.8°C).
This might have resulted from the high larval densi-
ties used in this study. Larval CRs are reported to
decrease with increasing larval density above 5 larvae
ml~! (Hansen 1991). The lowest peak CR in this study
(Trial 2; 5.8 pl ind.”! h™!) coincided with the highest
larval density (28 larvae ml™!) and smaller larval size
(141.1 pm).

Trial 4
o
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1.0 T T T T T T
100 120 140 160 180 200
Shell length (um)

Fig. 4. Ruditapes philippinarum. Relationship between the

particle size at peak clearance rate (CR, y) and shell length

(SL) of larvae. A fit of the data to a linear model yielded y =

0.81 + 0.00545 x SL, although the relationship was not sig-
nificant (ANOVA, p = 0.259)
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Fig. 5. Ruditapes philippinarum. Ingestion rate (IR) for each particle size range and cumulative IR. Error bars: SD of the 3
treatment bottles

Overall, larval densities in this study were much
higher than in nature (Matsumura et al. 2001). The high
larval density in Trial 2 might have reduced oxygen con-
centrations. At a larval respiration rate of 20 ng O, ind.™}
h™! (Sprung 1984b and references therein), 28 larvae
ml! could consume 2.2 pg O, ml~! during the 4 h exper-
iment, corresponding to 30 % of the oxygen in saturated
seawater (7.5 mg17!). This reduction might have affected
the larval CRs. It is also possible that the 4 h experimen-
tal period might have been too short to allow acclimation
of larvae. Under our experimental conditions, the mea-
sured larval CRs might be lower than those in nature.

The particle size at the peak CR ranged from 1.4 to
2.0 pm (Figs. 3 & 4) and did not increase significantly
with increasing larval shell length. Larvae of Philine
aperta retained a broader size range of particles, par-
ticularly larger ones, as larval shell length increased
(Hansen 1991). This difference between species might

have resulted from the difference in size ranges of
the larvae studied: 149 to 392 pm for P. aperta (Hansen
1991) and 128.7 to 205.4 pm for Ruditapes philippi-
narum (this study).

PREs of asari clam larvae were similar to those of
Mytilus edulis larvae (Riisgard 1980). M. edulis larvae
at 5 and 13 d cleared 2.5 to 3.5 pm particles at the high-
est rate, and particles <1 or >8-9 pm were not con-
sumed. However, the particle sizes with highest CRs in
this study were slightly smaller compared with those of
other bivalve species: 2.5 to 3.5 ym in M. edulis, 4 pm
in Mercenaria mercenaria, and 2 to 4 pm in Cras-
sostrea virginica (Riisgard 1980, Sprung 1984a, Riis-
gard 1988, Baldwin 1995, Riisgard et al. 2000). The
standard algal diets used in the hatchery, including
species such as Pavlova lutheri or Chaetoceros calci-
trans (4 to 5 pym), might not be of the optimum size for
asari clam larvae.
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The cumulative IR in this study ranged from ~50 X
102 to 100 x 10% pm? ind.”! h! (Fig. 5). These values
correspond to 100-200 cells ind.”! h™!, assuming the
cell volume of an algal diet species (such as Pavilova
lutheri) to be 50 pm? cell™ (~4.6 pm in diameter). These
values are well below the levels of food supplied
in hatcheries (5000 to 15000 cells ind.”! d°; ~200 to
600 cells ind.”* h™!) for 120 to 200 pum larvae (Chiba
Prefectural Fisheries Research Center 2004). Because
the CRs we determined might be underestimates, the
ingestion rates of Ruditapes philippinarum under the
same food concentrations in nature might be higher
than indicated in this study. However, our results sug-
gest that the food supply in the natural seawater used
in this study was not concentrated enough for maximal
growth of the larvae. Further studies are required to
determine variations in larval food abundance and lar-
val ingestion in nature.
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