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ABSTRACT 

 

In macrobenthos with meroplanktonic larvae, larval settlement and recruitment are two 

crucial processes for population cohort formation, yet only a few studies have given 

explicit definitions for newly settled and recruited juveniles (settlers and recruits) and 

descriptions of those processes with relevant time scales.  Using a comprehensive 

approach, our study demonstrated a clear pattern in cohort formation of the trochid 

gastropod population (Umbonium moniliferum) on an intertidal sandflat, southwestern 

Japan, in the breeding seasons of 2002 and 2007-2009.  The study included (1) daily 

monitoring for spawned eggs and competent larvae in the field and laboratory, (2) daily 

and fortnightly monitoring for juveniles, and (3) collection of larvae in the water 

column and in situ simulation of larval retention, releasing drift cards within an 

embayment embracing the sandflat.  The population with shell widths of 5-14 mm 

occupied the lower shore in densities of about 1,000 inds. m-2, spawning gametes for 

lecithotrophic larval development with the shortest duration of 3 d during late 

September through October.  The settlers occurring per day and the newly recruited 

cohort in the size-frequency distribution were defined as juveniles belonging to the 

smallest size class (0.20 and 0.21 mm) and to the most left-hand normal distribution 

group, respectively.  The growth rate was estimated at 0.02 mm d-1.  A synchronous 

mass egg spawning took place 2-4 d after neap tide, followed by the sequential 

occurrence of veligers and settlers in high densities, which was completed by the next 

neap tide, leading to the formation of one newly recruited cohort.  Three distinct 

cohorts were produced consecutively, most probably due to this semilunar cycle.  The 

iteroparous spawning was supposedly performed by the same females.  By the 
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following spring, the three cohorts had fused into a single young-of-the year cohort.  

Veligers were present across all depth layers in the water column down to 20 m, with a 

quarter being present within the surface 1 m.  Drift cards were driven ashore, with 

cumulative retrieval rates of 50 and 70 % 3 and 9 d after release, respectively, 

suggesting that hydrodynamics allowed good retention of larvae in the water surface.  

Using an exponentially decreasing function describing competent larval numbers in a 2 

to 9-d period after fertilization in the laboratory, the degree of self-recruitment in the 

population was assessed under the assumption of complete retention and no mortality of 

larvae due to predation.  The results suggested the presence of some allochthonous 

subsidy. 

 

Keywords: trochid gastropod, lechithotrophic larva, intertidal sandflat, settlement, 

recruitment, cohort 

 

1. Introduction 

 

In the study of metapopulation dynamics of coastal benthic macro-invertebrates 

with a meroplanktonic larval phase, increased attention has been paid to the dispersal 

and survival processes in the pelagic stage (Cowen and Sponaugle, 2009; Metaxas and 

Saunders, 2009).  Confining our attention to the dynamics of a local population of such 

a metapopulation, the assessment of the relative importance of pre- and post-settlement 

processes has been a central topic (Ólafsson et al., 1994; Caley et al., 1996; Hunt and 

Scheibling, 1997).  Crucial to this assessment is an appropriate description of how the 

abundance of competent larvae is connected to that of early-stage juveniles (Keough 
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and Downes, 1982; Connell, 1985; McGuiness and Davis, 1989; Eckman, 1996; 

Bownes and McQuaid, 2009).  The description is inevitably associated with the need 

for establishing explicit definitions of two key terms, settlement and recruitment (Caley 

et al., 1996; Jenkins et al., 2009).  However, the definitions have often been 

accompanied by semantic ambiguity and are obliged to be operational in practice, 

depending on the sampling frequency and target body size set by researchers (Booth, 

1991; Michener and Kenny, 1991; Gosselin and Qian, 1997; Pineda, 2000).  Settlement 

is the successful passage from the competent (or post-) larval stage to the benthic stage, 

concurrent with metamorphosis.  The density of newly settled juveniles (= settlers) can 

be adequately estimated only after having determined their “minimum body size” and 

an “initial growth rate” to preclude overlapped counts of juveniles on sequential 

sampling occasions.  Newly recruited juveniles (= recruits) are considered to be those 

settlers that have survived to a “specified size” for a “certain period of time” following 

settlement.  The uncertainty in discriminating settlers and recruits can be exemplified 

by a demographic analysis of benthic populations, in which the separation of multiple 

cohorts for a composite body-size (or age)-frequency distribution is one basic procedure 

(Ebert, 1999; van der Meer, 2005).  Most routinely, normal distribution curves are 

fitted to a size-frequency distribution to delineate discrete cohorts, of which the most 

left-hand group is usually assigned to the newly recruited cohort.  It is generally 

assumed that recruitment peak is completed in a “short period of time” (van der Meer, 

2005).  However, the shape of the most left-hand group is not always of a complete 

normal distribution at the time of sampling (e.g. Tamaki, 1985; Shepherd et al., 1992).  

The presence of such truncated size-frequency group indicates that the process from 

settlement to recruitment is still underway.  At least, a fraction of juveniles belonging 
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to the smallest size class must be settlers.  So far few studies trying to describe the 

transition from competent larvae, via larval settlement, to juvenile recruitment, 

especially those dealing with soft-sediment macrobenthos, have explicitly given 

quantities to the terms with double quotation marks listed above. 

With varying degrees of clearness in the definition of settlement and recruitment, a 

number of studies have recorded the relationship between the availability of competent 

larvae and the abundance of settlers and/or recruits for members of a limited taxonomic 

groups of coastal macrobenthos (octocorals – Harii and Kayanne, 2003; bivalves – 

Michener and Kenny, 1991, Feller et al., 1992, Chícharo and Chícharo, 2001, Ishii et al., 

2001, LeBlanc and Miron, 2006, Porri et al., 2006, Rilov et al., 2008; gastropods – 

Berry, 1987, McShane et al., 1988, Sasaki and Shepherd, 1995; polychaetes – Feller et 

al., 1992, Verdier-Bonnet et al., 1997, Dubois et al., 2007; cirripeds – Minchinton and 

Scheibling, 1991, Gaines and Bertness, 1992; decapod crustaceans – Eggleston and 

Armstrong, 1995, Incze et al., 2000, Moksness and Wennhage, 2001, Queiroga et al., 

2006; bryozoans – Yoshioka, 1982; ophiuroids – Turon et al., 2000; echinoids – López 

et al., 1998).  The results of these studies indicate that the abundances of competent 

larvae and settlers/recruits are either correlated or decoupled.  In order to achieve a 

more comprehensive understanding of the degree of pelagic-benthic coupling in the 

population dynamics of coastal macrobenthos, three processes other than the one around 

settlement are also to be examined (Eckman, 1996; Pineda, 2000; Cowen and 

Sponaugle, 2009; Metaxas and Saunders, 2009): (1) spawning and releasing of 

propagules (i.e. gametes/larvae) by adults, (2) larval dispersal, and (3) larval survival.  

This comprehensive research framework more or less entails a metapopulation 

perspective.  However, attempts at sequential monitoring are lacking for the 
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abundances of released propagules, competent larvae, and settlers, considering the 

relative contributions of autochthonous and allochthonous propagules.  This 

monitoring approach would boost our grasp of the processes conductive to the 

formation of a newly recruited cohort in the benthic body-size (or age)-frequency 

distribution (e.g. Yoshioka 1982, 1986). 

Concerning the open versus closed nature of local macrobenthic populations, recent 

emphasis has been placed on the prevalence of local retention of larvae (Kinlan et al., 

2005; Cowen and Sponaugle, 2009).  Among other things, larvae with shorter 

planktonic larval durations (PLDs) are more likely to be retained near their natal 

habitats and hence self-recruited (Todd, 1998; Harii and Kayanne, 2003; Shanks, 2009).  

In this respect, the possibility of detecting local coupling of adult reproductive output 

and larval settlement/recruitment known as stock-recruitment relationship would be 

generally higher in species with lecithotrophic (i.e. non-feeding) larval development 

than in those with planktotrophic development (but see Hughes et al. (2000) for a 

regional-scale dispersal of lecithotrophic coral larvae).  The PLDs in these two species 

groups last for minutes to days and weeks to months, respectively (Thorson, 1950; 

Young and Chia, 1987).  The other tractability of lecithotrophic groups is that survival 

rates of larvae reared in large numbers in the laboratory could be used to predict a 

temporal declining pattern in larval concentration in the field if the water temperatures 

determining larval developmental rates in the laboratory and field are comparable (cf. 

Reitzel et al., 2004; Strathmann, 2007).  It is more difficult to estimate ontogenetic 

mortality rates for planktotrophic larvae at sea, as they are affected by starvation and 

longer dispersal periods in addition to predation and physiological stress (Olson and 

Olson, 1989; Rumrill, 1990; Ellien et al., 2004; Pedersen et al., 2008). 
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Dispersal of lecithotrophic larvae with up to several-hour PLDs restricted to the 

extreme vicinity of the adults was demonstrated for colonial forms such as octocorals 

and ascidians, in which visual tracking of large larvae or quantitative assessment of 

larval and settler abundances was feasible (Olson, 1985; Grosberg, 1987; Harii and 

Kayanne, 2003).  A wider but still limited dispersal of those larvae with up to 

several-day PLDs and a corresponding change in settler/recruit abundances were 

recorded for members of a hard-substratum epifaunal assemblage, including sponges, 

bryozoans, and ascidians (Todd, 1998) and for a number of fisheries’ target species of 

abalones inhabiting shallow subtidal boulder substrata (McShane, 1995; Sasaki and 

Shepherd, 1995; Onitsuka et al., 2007).  Compared with these studies in hard substrata, 

the examples of monitoring of abundances throughout larval and juvenile stages for 

lecithotrophic macrobenthic species in soft sediments are much rarer (e.g. serial studies 

on a trochid gastropod: Berry and Zambri, 1983; Berry, 1986, 1987). 

The trochid gastropod, Umbonium moniliferum (Lamarck, 1822), is a soft-sediment 

epibenthic snail, residing in the upper 1 cm of the sediment column.  It is one of the 

most dominant members of the macrobenthic community on intertidal sandflats in 

Japanese waters, accompanied by an assemblage of predators, ectoparasites, and 

inhabitants of its empty shells (Shimoyama, 1985; Tamaki, 1994; Asakura, 1995; Ogaya, 

2004).  U. moniliferum has a lecithotrophic pelagic larva, with its shortest PLD being 

estimated at 3 d (S. Mandal et al., unpublished data).  In waters further south, 

extending from Southeast Asian to Persian Gulf coasts, a congeneric species, U. 

vestiarium, attains remarkably high densities on sandy shores, filling an ecological 

niche similar to that of U. moniliferum (Fretter, 1975; Berry and Zambri, 1983; Morton 

and Morton, 1983; Reise, 1991; Abdul-Salam and Sreelatha, 1998).  The synchronized 
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mass-spawning periodicities in terms of diel, tidal, and semilunar components within a 

relatively limited annual breeding season and the short PLD (2 d) in U. vestiarium (see 

Berry and Zambri, 1983; Berry, 1986, 1987) and expected similar traits in U. 

moniliferum would make these species ideal for assessing the degree of local coupling 

of adult reproductive output and larval settlement/recruitment abundance. 

The objective of the present study is to demonstrate how newly recruited cohorts are 

formed within a single breeding season for the local population of Umbonium 

moniliferum inhabiting an intertidal sandflat in southwestern Japan (Tamaki and 

Kikuchi, 1983; Tamaki, 1994).  An intensive sampling effort including monthly and 

daily components was carried out to monitor the abundances of spawned eggs and 

competent larvae in the water column, and of juveniles on the sandflat.  Of the 

juveniles, settlers were discriminated from recruits using an initial growth-rate estimate 

from cohort analysis.  Sampling for the larval vertical migration pattern in the water 

column, and release and retrieval of drift cards were performed in an embayment facing 

the sandflat to assess the degree of local retention of larvae.  Using a large container in 

the laboratory, the shortest PLD was determined, and an observation on the temporal 

change in the abundances of massively spawned eggs and larvae was made to detect 

iteroparous spawning bouts by adults within a breeding season and to predict competent 

larval availability for settlement over an extended period beyond the shortest PLD.  

Based on these results under the assumption of self-recruitment, the correspondence 

between the numbers of spawned eggs from and settlers onto a unit area of the sandflat 

was examined to assess the degree of local coupling between pre- and post-settlement 

stages, eventually conductive to the formation of a newly recruited cohort.  Finally, 

multiple distinct recruitment cohorts observed during the breeding season were shown 
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to merge, forming a single young-of-the-year cohort in the adult population. 

 

2. Materials and methods 

 

2.1. Study site, and U. moniliferum life history, biology and population ecology 

The site for intertidal study (Tomioka sandflat) is located within a shallow 

embayment (Tomioka Bay; water depths  20-25 m; 8.5 km alongshore  2 km 

cross-shore) at the northwestern corner of Amakusa-Shimoshima Island in western 

Kyushu, Japan (13002E, 3231N; Fig. 1; Tamaki et al., 2010).  The waters around 

Tomioka Bay are under a mesotidal, semidiurnal tidal regime, with the average tidal 

range at spring tides being about 3 m.  The M2 tidal currents are dominant in the 

current field, with much prevalence of the east over north components, and the 

maximum current speeds are 150 cm s-1 around the strait between Tachibana Bay and 

Ariake Sound (Fujiie et al., 2006).  At a 20-m deep station around the outer margin of 

Tomioka Bay, the maximum current speeds are 50 cm s-1 and 10 cm s-1 at spring and 

neap tides, respectively (A. Tamaki et al., unpublished data).  Inside the bay, the 

current speeds become slower (Suzuki et al., 1982).  During spring tides, the Tomioka 

sandflat extends for 150-700 m seaward and 4 km alongshore.  It faces northeastwards, 

receiving northerly-wind-induced waves from October to May (Tamaki, 1987).  Since 

1979, the monitoring of the sandflat benthic community has been continued in a 

rectangular area extending for 310 m seaward to the mean low water spring tide level 

(MLWS) and for 300 m alongshore (Fig. 1, inset panel).  The intertidal range of the 

sandflat was shortened by 20 m in 1993 due to reclamation of the uppermost shore.  

The sampling of macrobenthos was conducted along four shore-normal transects 
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running from the upper flat to the low water line (Tamaki and Kikuchi, 1983; Tamaki, 

1985, 1987, 1994).  One of the four transects was used for the present study.  

Hereafter Stn X denotes the transect station that is X m seaward from the upper 

shoreline.  The elevation is almost flat from the upper shoreline to Stn 130 located at 

around the mean low water neap tide level (MLWN), from which it lowered to the 

MLWS, with a constant inclination of 1/230 (Wardiatno et al., 2003).  The maximum 

duration of exposure per tide at spring tides ranges from 3.4 to 6.0 h over the year.  

The sediments are moderately well-sorted fine sands, with 0.3-1.7 % silt-clay contents. 

The annual reproductive season for Umbonium moniliferum on the Tomioka sandflat 

ranges from early September to early December, with its main part being from late 

September to early November (Tamaki, 1994).  Synchronized mass spawning of eggs 

and sperm (i.e. dioecious broadcast spawner) was observed in the laboratory (Harada et 

al., 2005).  A newly spawned egg is 0.17 mm in diameter, enveloped by a 0.10-mm 

thick, vitelline membrane and gelatinous coating.  Embryos are negatively buoyant and 

metamorphose into trochophores approximately 6 h after fertilization, at which time 

larvae hatch out of the disintegrating gelatinous coating.  Veligers appear 2 h later, and 

those with 0.20-mm shell width begin to crawl on the substratum 48 h after fertilization.  

With the shedding of the velum, veligers complete metamorphosis into settlers.  

Juveniles grow rapidly in their first year to form a single cohort in the adult population, 

reaching 5 to 9-mm shell widths in August (Tamaki, 1994; A. Tamaki, unpublished data).  

They mature by the end of September and live for another three years.  In 1979, adults 

occupied the lower half shore, lying between MLWN and MLWS, with densities 

(overall mean, 2,000 inds. m-2) varying in a zonal pattern parallel to the shoreline 

(Tamaki and Kikuchi, 1983; Tamaki, 1994; Fig. 1).  The adult’s intertidal position 
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would be related to its suspension-feeding habit for phytoplankton (cf. Fretter, 1975).  

By contrast, juveniles were distributed landward, with their highest-density zone 

situated a little seaward of the MLWN (Tamaki, 1994).  Since 1979, a drastic change in 

the population has taken place (Tamaki, 1994; Flach and Tamaki, 2001).  The 

population declined steadily to extinction in 1986.  This was attributed to a remarkable 

distribution expansion of the callianassid (ghost) shrimp, Nihonotrypaea harmandi 

(Bouvier, 1901), over the entire sandflat, which caused increased bioturbation of 

sediments.  Since 1995, however, the ghost shrimp population declined back to its 

former densities, which was followed by signs of recovery of the U. moniliferum 

population in 1998 (Flach and Tamaki, 2001).  This population replenishment appears 

to have required larval supply from other local populations. 

 

2.2. Monitoring for egg and larval abundances of U. moniliferum in the field 

The monitoring for concentrations of spawned eggs and larvae in the field was 

conducted during the period from 29 September (1 d before spring tide) to 22 October 

(1 d after neap tide) in 2008.  Note that the dates of spring and neap tides are 

designated according to the maximum and minimum differences in consecutive high 

and low tidal heights, respectively.  The actual water depth on the sandflat was 

automatically recorded at Stn 230 every 10 min during the period from 27 September to 

28 October, using a pressure gauge (sensor positioned 1.4 cm above the sandflat 

surface; Wave Hunter 99, IO Technic, Co.).  Around every predicted local high tide, 

540 l of surface seawater was bucketed at the uppermost point of the transect, which 

was completed within 20 to 40 min (mean, 29 min).  The sampling time spanned 

across daytime and nighttime (sunrise and sunset times shifted from 6:15 to 6:30 and 
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from 18:04 to 17:40 over the monitoring period).  The collected water sample was 

passed through a plankton net with 0.063-mm mesh openings.  The content in the cod 

end of the net was concentrated and placed at -25C in a freezer approximately 20 min 

after the termination of water sample collection.  It was taken into consideration that 

the development of embryos progressed rapidly during this 20-min duration.  In the 

laboratory, the thawed sample was examined to determine the rate of egg fertilization 

and the stage of all embryos and larvae according to the developmental time course 

given in Harada et al. (2005).  In the veliger-stage larva, the operculum is formed 25 h 

after egg fertilization.  With opercula, the soft tissue was withdrawn into the shell 

when placed in the freezer.  Identification of sub-stages for those veliger-stage larvae 

was not made.  For each sampling occasion, the duration that elapsed from the time of 

egg spawning to that of becoming frozen was estimated based on the most prevalent 

embryonic or larval stage in the sample.  As egg spawning and fertilization occurred 

coincidently (Harada et al., 2005), the estimated time of fertilization was regarded as 

equal to that of egg spawning.  Furthermore, as (1) the egg fertilization rate was high 

( 95 % in the field; see Section 3.7), (2) the duration of the embryonic stage is short (6 

h), and (3) the survival rate of the early-stage larvae in the laboratory was high (94 % 1 

d after egg fertilization; see Section 3.6), the embryonic concentration on each sampling 

occasion was regarded as a surrogate for the spawned-egg concentration and plotted at 

the supposed egg-spawning time.  This time was back calculated from the mid-point of 

each sampling period using the estimated duration that had elapsed from the time of egg 

spawning plus the above-mentioned 20 min.  The larval concentration value was 

plotted at the mid-point of each sampling period. 

Salinity (Practical Salinity Scale) and temperature of the seawater were 
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automatically recorded at Stn 230 every 10 min during the period from 13 September to 

29 October, using a conductivity and temperature logger (sensors positioned 30 cm 

above the sandflat surface; Compact-CT, JFE Alec, Co.).  The data recorded only 

during the period of water submergence were extracted.  The period with salinities 10 

associated with rise and fall of the water surface was regarded as that under exposure.  

To smooth variations in temperature over time, a nonparametric, nearest neighbor 

local-linear regression (Loess) was performed using Systat Software (2006), to which 

polynomial of degree 1 as smoother and sampling proportion of 0.1 were applied.  The 

seasonal northerly winds induce onshore surface currents, which might promote larval 

retention around the sandflat.  Wind velocity data recorded every 10 min at a 

meteorological observation station situated near the sandflat (triangle mark in inset 

panel of Fig. 1) were downloaded from an open-access web site run by the local 

government (Kumamoto Prefecture; http://cyber.pref.kumamoto.jp/bousai/). 

 

2.3. Monitoring for settler abundance of U. moniliferum in the field 

The monitoring for density of juveniles was conducted on the sandflat under 

exposed conditions during daytime low tide daily from 10 October (2 d after neap tide) 

to 22 October (1 d after neap tide), and separately on 13 September (4 d before spring 

tide), 29 September (1 d before spring tide), and 29 October (spring tide) in 2008.  A 

maximum of ten sampling stations were established along the transect, every 20 m from 

Stn 10 to Stn 190.  The last station was the most seaward exposed one over the 

consecutive sampling period in the middle of October.  To examine spatial variation in 

juvenile density, samples were collected from all stations on 14 October (2 d before 

spring tide).  To monitor daily changing patterns in juvenile density and shell-width 
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composition, samples were collected at Stn 90.  This station was the most seaward 

station that was exposed nearly every day (no samples were collected on 17 October due 

to the unavailability of exposure time).  At each station two sediment samples were 

collected using a 100-cm2 square quadrat frame to a depth of 1 cm, which were fixed 

whole (i.e. unsieved) with 10-% neutralized seawater formalin containing rose bengal.  

In the laboratory juveniles were sorted out and their shell widths measured to the 

nearest 0.01 mm under a dissecting microscope (at 50 magnification) equipped with a 

CCD camera.  The shell-width-frequency distribution was made, with a size-class 

interval of 0.02 mm, and hence two values were included in each size class (e.g. 0.20 

and 0.21 mm).  Following Aizawa and Takiguchi (1999), normal-distribution curves 

corresponding to supposed cohorts were fitted to the composite size-frequency 

distributions.  The newly recruited cohort was defined as the most left-hand complete 

normal-distribution group.  The group with the smallest-sized juveniles situated further 

left to that cohort, constituting a truncated size-frequency distribution, was left intact.  

Based on an estimated individual growth rate from the cohort analysis, the settlers 

available per day were defined by their shell-width values.  The sequence of daily 

variation in settler density leading to a newly recruited cohort was examined in 

conjunction with daily variation in egg and larval concentrations in the water column 

(Section 2.2). 

 

2.4. Monitoring for U. moniliferum juvenile cohorts throughout the breeding season 

To identify all newly recruited cohorts occurring throughout one breeding season, 

the sampling was conducted on the sandflat during daytime or nighttime low tide every 

spring tide from 7 October 2002 to 2 February 2003 (nine times).  Sixteen sampling 
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stations were established between Stn 0 and Stn 290 along the transect, with the distance 

between two adjacent stations being 20 m, except for 10 m between Stns 0 and 10.  At 

each station eight sediment samples were collected using a 50-cm2 square quadrat frame 

to a depth of 1 cm, except for six 60-cm2 core samples on 7 October 2002.  No 

samples could be collected at Stns 270 and 290 on 22 October 2002 and at Stn 290 on 

20 February 2003 due to submergence.  The collected samples were processed as given 

in Section 2.3, except for the use of 0.04 mm for a unit shell-width-class interval.  To 

confirm the formation of a single, fused overwintering young-of-the-year cohort in the 

adult population, four sediment samples were collected to a depth of 3 cm at each of the 

16 stations on 3 April 2003, using a 625-cm2 square quadrat frame, which were sieved 

through a 0.5-mm mesh sieve and fixed.  The shell widths of the specimens were 

measured with a digital caliper to the nearest 0.1 mm to construct a 

shell-width-frequency distribution with a size-class interval of 0.4 mm. 

 

2.5. Determination of sex ratio and size-specific fecundity of U. moniliferum 

Adults used for determining sex ratio and size-specific fecundity were collected on 

the sandflat every spring tide during the breeding season of 2002 and measured for their 

shell widths.  In the laboratory, eggs or sperm in the gonads were examined under a 

stereomicroscope.  The number of ripe eggs (mature oocytes surrounded by a thick 

gelatinous coating) in female specimens collected on 6 and 22 October were counted.  

The parameters in non-linear regression equations for number of eggs (y) versus shell 

width (x) were established using “R” (R Development Core Team, 2008), where four 

functions, (1) exponential, y = a bx, (2) power, y = axb, (3) Gompertz, y = a b exp (-cx), 

and (4) logistic, y = a [1 + b exp (-cx)]-1, were examined.  The best-fitted function of 
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the above four was selected based on the smallest value in Akaike’s Information 

Criterion (Akaike, 1973). 

 

2.6. Estimation for density of eggs potentially spawned by U. moniliferum adults 

To estimate the maximally available number of eggs spawned by the adults from a 

unit area of the sandflat, samples were collected on 3 August 2008.  At each of the 16 

stations described in Section 2.4 and one additional station (Stn 260), one sediment 

sample to a depth of 10 cm was collected using a 625-cm2 quadrat frame and sieved 

through a 0.5-mm mesh sieve.  The shell widths of the specimens were measured to 

construct a shell-width-frequency distribution.  The total number of eggs carried by the 

females was obtained based on the sex ratio (1:1; Section 2.5 and see Section 3.1) and 

size-specific fecundity equation (Section 2.5).  Only the sampling stations containing 

adults were considered for their mean egg density (see Section 3.4).  The number of 

eggs for each size class was calculated by multiplying the number of eggs 

corresponding to the median shell width and half the number of adults belonging to that 

size class.  There was a possibility that the population fecundity estimate in the main 

breeding month (October) was a little different from that for August due to growth and 

mortality occurring between the two months.  To correct for this, samples were 

collected with a 100-cm2 corer at two stations on 18 August and 29 October 2008 and 

sieved through a 0.5-mm mesh sieve (n = 16 and 17 at Stn 140 in August and October, 

respectively; n = 17 and 25 at Stn 240, respectively).  Each of the 

shell-width-frequency distributions of Umbonium moniliferum corresponding to the four 

sampling sets was standardized to 100 cm2 (unit core area), and one combined 

distribution was generated for each sampling date.  The normal-distribution curves 
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representing cohorts that were recruited in different years were fitted to these 

shell-width-frequency distributions.  For each cohort, the daily individual growth rate 

and daily mortality rate were calculated from the increments in shell-width modes and 

from the changes in adult densities between the two dates, respectively.  Using these 

two parameters, the normal-distribution groups fitted to the shell-width-frequency 

distribution on 3 August mentioned above were transformed into those on the starting 

date of the monitoring for egg and larval concentrations in this year (29 September; 

Section 2.2) and the mean number of eggs per 625 cm2 (unit quadrat area) estimated. 

 

2.7. Detection of vertical migration of U. moniliferum larvae in the water column 

To detect vertical migration of larvae in phase with diel and/or tidal cycles, a 

depth-stratified sampling from the water column was conducted on board the RV 

“Kakuyo-Maru” (155 tonne) of Nagasaki University, which was anchored at a station 

1.5 km off the lowest edge of the Tomioka sandflat (star mark in inset panel of Fig. 1; 

depth at highest tide, 24.7 m).  Eight sets of seawater samples were collected between 

13:45 on 22 October and 12:08 on 23 October 2007.  The difference in tidal levels 

between two consecutive high and low tides varied from 1.5 to 1.9 m (between neap and 

spring tides).  The weather was fine and the sea was generally calm with occasional 

turbulence caused by northerly winds.  The mid-point of the period for each sampling 

set was originally planned to coincide with high-, low-, or mid-tides, but the actual 

time-lag varied from 5 to 64 min.  During each sampling set, 450 l of seawater was 

lifted at an average rate of 0.6 l s-1 from each of the five sequential depth layers of 20, 

15, 10, 5, and 1 m below the sea surface, using an underwater diaphragm pump (Model 

NDP-20BAH, Yamada, Co.) and a graduated hose with a mouth-opening diameter of 
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2.5 cm.  The actual sampling depths were recorded with a depth logger with an 

accuracy of 0.3 % to the full depth range (Compact-TD, JFE Alec, Co.).  The treatment 

for the collected water sample was the same as given in Section 2.2.  Based on the 

concentration values of larvae at respective depth layers, the weighted mean depth 

(WMD) of larval position was calculated as (Cidi) / Ci, where Ci stands for larval 

concentration at depth di (i, depth layer number; Pearre, 2003). 

 

2.8. Release and retrieval of drift cards in the field    

To assess the degree of retention of Umbonium moniliferum larvae within Tomioka 

Bay, 800 drift cards were dropped from a small vessel at a 6-m deep station 260 m off 

the lowest edge of the Tomioka sandflat at 15:51 on 27 October 2009, which was just 

before the predicted local high-tide time (16:04) at neap tide (cross mark in inset panel 

of Fig. 1).  The weather was fine and the sea was calm.  The tidal phase for the 

release was determined with respect to both semilunar and daily cycles so that the 

expected egg-spawning timing by adults of U. moniliferum would be simulated (see 

Section 3.7).  The card was intended to mimic larvae present in the surface layer of the 

water column (i.e. within 1 m; see Section 3.8).  The card was made of a 0.25-mm 

thick, yellow-colored biodegradable paper with a water-repellent coating, 10.0  14.8 

cm in size and 3.5 g in weight with a 0.9-g weight attached to one corner (Heiwado 

Printing, Co., Tokyo).  In seawater, the card stood upright, with the corner opposite to 

the weight protruding 1 cm above the surface.  The collection of cards that had been 

driven ashore started from the low tide in the morning of 28 October.  A search was 

conducted along the upper shoreline of the sandflat and its northward extension 

including the cove and sand-spit parts (thick line in inset panel of Fig. 1).  Subsequent 
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collection was made daily from the low tide around noon of 30 October to 5 November 

at a 24-h interval (no sampling on 4 November) and separately on 13 November. 

  

2.9. Laboratory monitoring for egg spawning and larval survivorship of U. moniliferum 

To confirm iteroparous egg-spawning bouts by adults and to obtain a measure of the 

availability of competent larvae for settlement beyond their shortest PLD, mature adults, 

spawned eggs, and embryos and larvae were maintained in aquaria inside a laboratory 

by the sea (Nagasaki Prefectural Institute of Fisheries at 12946.26E and 3248.51N) 

during the breeding season of 2008.  The collection of spawned eggs and the 

subsequent rearing of embryos and larvae were conducted using a set of three black 

76-cm tall 500-l polycarbonate tanks that were bathed in running ambient seawater 

within a 300 cm  300 cm  50-cm tall tub (Fig. 2).  The running seawater introduced 

into the tub was filtered through a cartridge filter with 10-m mesh openings (TOCEL, 

Advantec, Co.).  The water was circulated through the tanks and tub with polyvinyl 

chloride pipes.  The first tank accommodated adults (“adult” tank), from which 

spawned eggs were siphoned off into a nylon-net bag hung in the second tank (“egg” 

tank; net diameter, 90 cm; height, 53 cm; mesh opening, 70 m).  The third tank was 

used for the rearing of embryos and larvae (“larval” tank).  Adults were collected from 

the Tomioka sandflat on 29 September (N = 2,040) and 14 October (N = 2,755) and 

placed in the adult tank within each respective day.  The first and second adult groups 

were maintained in separate tubs until 26 and 31 October, respectively (referred to as 

Rearing Sets 1 and 2).  Seawater temperature and salinity was monitored with a 

Compact-CT in the adult tank. 

The water in the tub was pumped up into the adult tank at the rate of 10 l min-1 
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during the “daytime” (from 7:00 to 17:00), with cessation during the “nighttime”.  

Immediately after stopping the water flow at 17:00, cultured microalgae were fed to 

adults (approximate daily ration of 2.5  1010 cells of Chaetoceros gracilis and 3.0  

1010 cells of Pavlova lutheri).  The dead adults were removed and enumerated daily.  

The spawned eggs collected in the bag of the egg tank were concentrated and retrieved 

at around 9:00 daily.  To estimate the total number of spawned eggs, they were diluted 

to 20 l with filtered seawater and well mixed, from which 1-ml samples (n = 8 to 47) 

were pipetted for the immediate enumeration of eggs under a light microscope (100 or 

200).  The determination of embryonic and larval stages was made to estimate the 

time of spawning and fertilization according to Harada et al. (2005).  The egg (embryo, 

larva) number count and stage determination were conducted between 10:00 and 11:00; 

egg spawning never occurred between 11:00 and 17:00 (S. Mandal et al., unpublished 

data).  After completing spawned-egg collection, both the bag in the egg tank and the 

adult tank were thoroughly washed off and re-installed.  When each Rearing Set was 

terminated, all adults were fixed with 10-% neutralized seawater formalin.  The shell 

widths for 500 (Set 1) and 650 (Set 2) specimens were measured.  The 

shell-width-frequency distributions were used to obtain an estimate of the number of 

spawned eggs as given in Section 2.6. 

On two dates when mass egg-spawning events happened (4 and 18 October; see 

Section 3.6), each larval rearing set started (Larval Rearing Sets 1 and 2 on Day 0).  

On these dates, the above-mentioned 20-l sample was divided into the 1-l and 19-l 

subsamples.  The former was used for estimating the fertilization rate of the spawned 

eggs, of which 500 were examined alive.  The latter was for embryonic and larval 

rearing; the larval tank had almost the same bag setup as in the egg tank (Fig. 2).  The 
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water introduced into the bag emerged through a number of small holes along a 

horizontal pipe that lay close to the bottom net, generating a gentle rotation of seawater 

inside the bag.  The subsequent change in larval concentration was examined by 

pipetting water samples.  The volume and number of samples varied depending on 

larval concentration [1 ml (n = 10 to 48) to 2 l (n = 3 to 9)].  For calculating the rate of 

reduction in the larvae contained in the tank between any two successive occasions, 

their removal by the sampling was taken into account.  In Larval Rearing Set 1, 

sampling was conducted on Day 0, 1, and 2, after which the rearing and sampling 

system resulted in failure.  In Larval Rearing Set 2, an extended rearing was successful, 

with sampling conducted on Day 0, 1, 4, and thereafter every 2 or 3 d until Day 17.  

Larvae began to crawl on the bottom net on Day 2.  Most of these larvae would 

eventually die due to the unnatural substratum conditions, becoming “waste” 

accumulated on the bottom.  However, such waste might still contain a substantial 

number of live larvae that had not undergone metamorphosis, capable of swimming.  

The larvae contained in the waste were collected and returned to the bag.  On Day 17, 

the larvae remaining in the tank were transferred to a 1-l container and their subsequent 

survivorship and metamorphosis monitored until Day 32, with daily exchange of gently 

aerated seawater. 

The daily change in the embryonic and larval mean number in the larval tank was 

expressed as the relative percentage of the initial value, where the combined results 

from the two Larval Rearing Sets were used.  For each set, the initial number of 

fertilized eggs was estimated by multiplying the estimated number of spawned eggs by 

their fertilization rate.  The curve predicting daily availability of competent larvae for 

settlement from Day 2 to Day 9 was expressed as an exponential function, y = a bx, 
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where x and y stand for day number and relative larval abundance (only very few larvae 

remained after Day 9; see Section 3.6).  The two parameters (a, b) were determined by 

a nonlinear least square regression, using “R” (R Development Core Team, 2008). 

 

2.10. Determination of the shortest PLD of U. moniliferum in the laboratory 

The shortest PLD was determined, using a setup similar to that described in Section 

2.9.  In this case the larval tank was isolated from a tub containing the other two tanks, 

with filtered seawater flowing through.  Adults for gamete spawning and sediments for 

larval settlement were collected from an intertidal sandflat about 30 km north of 

Nagasaki Prefectural Institute of Fisheries (Yanagi-Hama sandflat) during low tide on 5 

October 2009.  The surface 1-cm sediment sample was frozen and kept at -80C until 

use, in which almost no juveniles of Umbonium moniliferum were present.  A mass 

gamete spawning happened at around the estimated time of 7:15 on 7 October.   At 

15:30, approximately 1,267,000 larvae were put into a net bag in the larval tank (net 

diameter, 120 cm; height, 70 cm).  Six 18 cm  20 cm  9-cm tall polyethylene trays 

had been placed on the bottom net, each containing a small amount of thawed sediment 

spread uniformly with an estimated thickness of 0.6 to 0.9 mm.  The seawater salinity 

and temperature was recorded using a Compact-CT.  The retrieval of trays started at 

3:00 on 9 October (i.e. 1.8 d after egg fertilization) and continued at a regular interval of 

12 h one at a time.  Aliquots of sediment with some quantity of water were collected 

with a pipette (n = 5 to 13 for each tray; mean volume of sediment, 0.05 ml).  The 

presence of live settlers was examined under a stereomicroscope and their numbers 

were counted.  Settlers were discriminated from late-stage veligers based on the loss of 

velum.  Finally, the volume of each sediment sample was measured to estimate the 
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number of settlers per unit volume.  The shell width was measured for 6 to 21 settlers 

from each tray. 

 

3. Results 

 

3.1. Sex ratio and size-specific fecundity of U. moniliferum 

The 895 specimens collected in 2002 were comprised of 423 males and 472 females, 

giving a sex ratio not significantly deviating from 1:1 (2 = 2.68; d.f. = 1; p = 0.10).  

The same year, with fortnightly monitoring (Section 2.4), both developed testes and 

ovaries with ripe eggs in the population were first found on 8 September and became 

invisible on 20 December.  The smallest mature male (5.3-mm shell width) and female 

(5.0 mm) belonged to the young-of-the-year group (0+ year cohort).  On 8 September, 

the shell widths were greater than 5.2 mm in 97.1 % of the 0+ year cohort.  The 

best-fitted regression equation for egg number versus shell width in the 5.0 to 12.2-mm 

females was given as a logistic function, in which two females with extremely high and 

low egg numbers (4,786 and 17 eggs) were excluded from analysis as the outliers (Fig. 

3).  A female with mean shell width of 8.6 mm is expected to have 1,757 ripe eggs. 

 

3.2. Size-frequency distribution of adults of U. moniliferum and population fecundity 

Two distinct normal-distribution groups were recognized for each of the 

shell-width-frequency distributions of the specimens collected with a 100-cm2 corer on 

18 August and 29 October 2008 (Fig. 4a).  These two groups corresponded to the 0+ 

year cohort, and 1+ and older year cohort, respectively (Tamaki, 1994).  The individual 

growth rates between the two dates were estimated at 0.019 mm d-1 and 0.0105 mm d-1 
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and the mortality rate at 0.0039 d-1 and zero, respectively.  The zero mortality value 

was actually a 50 % increase, which was probably the result of natural population 

variability and sampling artifacts.  The two distinct normal-distribution groups were 

also detected in the shell-width-frequency distribution of the specimens collected with a 

625-cm2 quadrat frame on 3 August 2008, where the adults’ distribution along the 

transect was limited to ten contiguous sampling stations on the lower shore (Fig. 4b; see 

Section 3.4).  Using the size-specific fecundity equation and the 1:1 sex ratio (Section 

3.1) and assuming that all adult Umbonium moniliferum participated in the spawning 

event (see Section 3.6, second paragraph), these August females ( 5-mm shell width) 

were expected to have a mean of 56,547 eggs 625 cm-2.  The supposed female 

population on 29 September 2008 (Fig. 4b), which was extrapolated from the 3 August 

data using the individual growth rate and mortality rate, was expected to have a mean of 

59,735 eggs 625 cm-2.  As there was only a 5.6-% difference between the two 

egg-number estimates, the latter value was used for analysis of the ratio of the number 

of potentially available competent larvae to that of actual settlers (Section 4, ninth 

paragraph). 

 

3.3. Size-frequency distribution of juveniles of U. moniliferum and definition of settlers 

Of the shell-width-frequency distributions of juveniles for the samplings conducted 

on the sandflat in 2008, normal-distribution groups could be fitted to the smallest- or 

second smallest-size groups on 20-22 and 29 October (Fig. 5).  The breeding season 

started in early September, but the substantial newly recruited cohort of the year was 

recognized first on 10 October, though only a small number of individuals were present, 

not forming a normal distribution.  A distinct, second newly recruited cohort was 
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established during the middle of October.  The abruptly increased larval settlement and 

the heaviest one occurred on 11 and 14 October, respectively.  By 22 October, the first 

newly recruited cohort had been virtually absorbed by this second one.  On 29 October, 

another distinct settler group appeared to the left of the second newly recruited cohort, 

with a comparatively large number of individuals.  This settler group would become 

the third newly recruited cohort of the year.  The initial juvenile growth rate was 

estimated at 0.017 mm d-1 (one shell-width-class shift per day), which was a mean of 

the six daily increment values (Table 1).  The settlers occurring per day therefore can 

be defined as juveniles with shell widths of 0.20 and 0.21 mm, which conforms to the 

members belonging to the smallest shell-width class.  The juvenile mortality rate can 

be estimated from the change in the total numbers of juveniles of the second newly 

recruited cohort between 22 and 29 October.  However, the juvenile number on 22 

October was apparently much smaller than those on the preceding five dates, which 

would have been due to a sampling error.  Adopting the juvenile number on 21 

October, the daily mortality rate was estimated at 0.043 d-1. 

 

3.4. Distribution of juveniles and adults of U. moniliferum along the transect 

The center of the juvenile distribution along the transect on the sandflat on 14 

October 2008 was situated at Stns 150 and 170, which were 20 to 40 m seaward of the 

MLWN (Fig. 6a).  The juvenile densities at these stations were about 1,830 and 1,280 

inds. 100 cm-2.  The densities at Stn 190 and landward stations were much lower.  

This distribution pattern was basically the same as that recorded in October 1980, where 

the densities were tapering to zero towards Stns 250 and 0, respectively (Tamaki, 1994).  

When the juvenile densities at Stns 210 and 230 in the present study are linearly 
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interpolated between the value at Stn 190 and zero at Stn 250, the juveniles at Stn 90 

used for daily monitoring for settler density during the period from 10 to 22 October 

2008 (Section 3.3) would account for 5.8 % of all juveniles that existed along the 

transect (see Section 4, ninth paragraph). 

The distribution of adults was limited to the lower half of the transect on 3 August 

2008, which was situated seawards of the center of the juvenile distribution (Fig. 6b).  

The densities of the 0+ year cohort (shell widths  9.9 mm; Fig. 4b) were the highest on 

the middle shore (about 110 inds. 625 cm-2), generally decreasing seawards, while the 

center of the distribution of the 1+ and older year cohort (shell widths  10.0 mm) was 

on the lower shore, with densities of about 30 inds. 625 cm-2.  The mean  SD density 

from the two cohorts inclusive was 70.4  38.8 inds. 625 cm-2 (n = 10) or 84.9  27.2 

inds. 625 cm-2 (n = 8, excluding Stns 130 and 290, which were the terminal stations 

inhabited by adults).  These mean values were about half the mean density value 

recorded in 1980 (Tamaki, 1994). 

 

3.5. Shortest PLD of U. moniliferum 

The seawater salinity and temperature in the laboratory tank in October 2009 varied 

from 33.0 to 33.2 and from 23.5 to 24.9C, respectively, which was largely the same as 

the values recorded in the field during the middle of October 2008 (see Section 3.7).  

On Day 1.8, approximately 50 to 60 % of the veligers crawled on the sediment, with the 

remainder swimming in the water column.  The proportion reached about 90 % on Day 

2.3.  The settlers first appeared on Day 3.3, with the mean  SD density in the 

sediment being 26.3  36.9 settlers ml-1.  The densities on the subsequent two dates 

were 300.5  268.4 and 292.9  182.6 settlers ml-1.  The shell widths for the subsample 
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from these settlers were either 0.20 or 0.21 mm (N = 6 to 21), which agreed with the 

definition of settler size as determined by the field sample (Section 3.3). 

 

3.6. Egg spawning and competent larval availability of U. moniliferum in the 

laboratory 

The seawater temperature in the adult tank ranged from 25.3 to 21.7C (Fig. 7a).  

In the overall trend depicted with a smoothed line, (1) there was an initial rapid decrease 

from 25.0 (28 September) to 23.9C (3 October), followed by a gradual one to 23.3C 

(15 October), and (2) the value increased again to 23.8C (19-23 October), followed by 

a continuous drop to 22.2C (1-4 November).  The seawater salinity was fairly 

constant at 33.4 over the entire period, with a minimum value of 32.5 (Fig. 7b). 

The mass egg spawning happened twice in the adult group used for Rearing Set 1 in 

2008.  The first one took place between 3 and 6 October, which was 5 to 2 d before 

neap tide (Fig. 8a,c).  The total number of spawned eggs estimated from the direct 

sampling (by pipetting) was 2,149,887 (mean number per sample from each date was 

used; number of adults of both sexes inclusive on 4 October = 2,029), with 95.8 % of 

the total egg number recorded on 4 October and 3.9 % the next day.  Embryos and 

larvae for Larval Rearing Set 1 were derived from the eggs spawned on 4 October, in 

which the egg fertilization rate was 92.0 % and the embryos were at the blastula or 

gastrula stages at 10:30.  The time of egg spawning was estimated at 6:30-7:30.  The 

mean number of spawned eggs per female was 2,118 (estimated number of females = 

1,015 based on the 1:1 sex ratio; Section 3.1).  The total number of eggs held by all 

females expected from the shell-width-frequency distribution of the subsample (mean  

SD shell width = 10.3  1.3 mm, N = 650 for both sexes) was 2,180,136.  The 
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expected total egg number was close to the above-mentioned direct-sampling-based 

estimate, with a difference of 1.4 %.  The second mass egg spawning took place on 15 

October at around the estimated time of 8:10 (Fig. 8c).  The directly estimated total 

number of spawned eggs held by 885 females was 1,372,500.  Thus the mean number 

of spawned eggs per female was 1,551, which was 73 % of that in the first mass 

egg-spawning event.  Finally, one minor egg spawning took place during the period 

from 22 to 26 October, with the total number of spawned eggs being 10,842 (data not 

shown in Fig. 8c). 

In the adult group used for Rearing Set 2, one bout of mass egg spawning happened 

continuously during the period from 18 to 23 October, followed by a minor discrete one 

on 26 October (Fig. 8c).  Embryos and larvae for Larval Rearing Set 2 were derived 

from the eggs spawned on 18 October (by the adults collected 4 d earlier), in which the 

egg fertilization rate was 88.5 %, with the estimated time of spawning at 6:15-7:15.  

The directly estimated total number of spawned eggs over the monitoring period was 

2,479,288 eggs (number of adults of both sexes on 18 October = 2,735).  Thus the 

mean number of eggs per female was estimated at 1,812.  The number of eggs 

obtained on 18 October accounted for 89.5 % of the sum total of spawned eggs, 

followed by the next-day value (6.3 %).  The total number of eggs held by all females, 

as expected from the shell-width-frequency distribution (subsample’s mean  SD shell 

width = 10.5  1.2 mm, N = 500 for both sexes), was 2,883,966, which was greater than 

the direct-sampling-based estimate by 16.3 %. 

Accompanied with their operculum and shell formation on Day 1, veliger-stage 

larvae in the larval tanks tended to deposit on the bottom net due to an increase in body 

specific gravity.  These larvae undertook passive sinking and upward swimming.  The 
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proportion of competent larvae that were ready for settlement relative to the initially 

fertilized eggs was 14.5 % on Day 2 and further regressed as 31.647  0.664Day % on 2 

Day 9 (Fig. 9).  The availability of competent larvae during Day 9 to Day 17 declined 

from 0.8 % (regressed value) or 0.4 % (actual value) to 0.03 %.  Later on, three larvae 

that were capable of settlement survived until Day 32, when the observation was 

terminated. 

 

3.7. Sequential change in abundance of eggs, larvae, and settlers of U. moniliferum in 

the field 

The seawater temperature in the field in 2008 ranged from 29.8 to 19.9C (Fig. 7a).  

In the smoothed data, there was a rapid drop from 26.2 (25 September) to 23.2C (30 

September).  Later the values generally increased gradually to 24.7C (10 October) 

and were in a narrow range until 19 October (24.0-24.2C), followed by a rapid drop to 

22.8C (29 October).  The up-and-down shape in the smoothed data during the end of 

September to early November was nearly the same as that recorded in the laboratory 

(Section 3.6), though the field values were higher and lower by a maximum of 1.35C 

during the period from 28 September to 13 October and by a maximum of 0.75C 

during the period from 13 to 23 October, respectively.  The seawater salinity fluctuated 

depending on the amount of rainfall, which sometimes dropped to near 10 (Fig. 7b).  

The frequency of rainfall was highest during the end of September to early October, 

followed by those in the middle of September and at the end of October in order.  The 

maximum values were fairly constant between 32.5 and 33.0 over the entire period, 

which was lower than the laboratory constant value by 0.4 to 0.9 (Section 3.6).  During 

the period from 2 to 21 October, when spawned eggs appeared (see below), weak 
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northerly winds (from northeast to northwest) prevailed, with an overall mean velocity 

of 3.1 m s-1 (Fig. 8b).  

Through the field monitoring for the abundances of spawned eggs and larvae 

conducted during the period from 29 September to 22 October in 2008, a total of 13,802 

eggs, comprised of fertilized (= embryos) and unfertilized ones, and a total of 23,948 

larvae were collected.  Eggs appeared first on 2 October and subsequently on all 

sampling occasions except for the one on 21 October (Fig. 8d).  Thus eggs were 

spawned during both daytime and nighttime.  The proportion of fertilized eggs was 

95.2 % of all spawned ones.  The collected embryos were at either 16-cell or 32-cell or 

morula stage.  The 99.8 % of the larvae collected over the entire monitoring period 

occurred during the period from 2 to 22 October, appearing on every sampling occasion 

(Fig. 8e).  The proportion of veligers in these larvae was 99.4 %, trochophores 

accounting for the rest.  Larvae at the earliest sub-stage of the veliger stage, with an 

estimated time lapse of 8 h from the time of egg fertilization, were collected only once 

(during the daytime on 9 October).  The other veligers were older, either at the 

sub-stage just prior to the appearance of opercula or at later sub-stages inclusive.  The 

prevalence of the 16- or 32-cell and morula stages among the embryos and early-stage 

larvae suggests that the spawning and fertilization of eggs was synchronized in the 

population and that these events occurred mostly 90 or 120 min (plus 20 min) prior to 

the mid-point of each sampling period.  The estimated egg-spawning time was 8 to 115 

min before the actual high-tide time for each sampling occasion, with a mean  SD 

time-lag being 71  25 min (Fig. 8a,d). 

Three bouts of mass egg spawning happened during the monitoring period (Fig. 

8a,d): the first one during the daytime (10:49) and nighttime (22:27) sampling occasions 
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on 4 October 2008 (egg spawning spike nos. 1 and 2; 4 d before neap tide); the second 

one on four occasions during the period from 10 to 12 October (spike nos. 3 to 6; 2 to 4 

d after neap tide); and the third one during the nighttime (18:48) on 15 October (spike 

no. 7; 1 d before spring tide).  The fertilized eggs of spike nos. 1 and 2 on 4 October 

accounted for 19.0 % of the sum total of the eggs spawned over the entire monitoring 

period.  The four spikes in the second mass egg-spawning bout (spike nos. 3 to 6) 

occurred at 3:35 on 10 October, at 4:35 and 17:17 on 11 October, and at 5:28 on 12 

October.  The fertilized eggs of these spikes inclusive accounted for 61.5 % of the 

above-mentioned sum total.  The intensity of the third mass egg spawning (spike no. 7) 

was much weaker, with the number of fertilized eggs accounting for 2.4 % of the sum 

total.  The mean concentration of fertilized eggs for the four highest spawning spikes 

(nos. 2, 3, 5, and 6) was 4.4 eggs l-1.  The overall mean concentration of fertilized eggs 

during the period from 4 to 21 October was 0.7 eggs l-1. 

A tight link between egg spawning and larval appearance was most clearly 

ascertained by the observation that 40 and 51 % of the veliger-stage larvae occurring 1 d 

after the occurrence of eggs and embryos at spike nos. 2 and 3, respectively, were at the 

sub-stage immediately prior to operculum formation.  This conformed to the 

developmental time course recorded in the laboratory (Harada et al., 2005; Fig. 8d,e).  

Furthermore, the mass egg-spawning events that took place between 10 and 12 October 

(spike nos. 3 to 6) appeared to be directly reflected on the highest concentrations of 

larvae recorded between 11 and 14 October.  The mean concentration from the four 

highest records was 7.7 larvae l-1.  The occurrence of a less but still fairly large number 

of larvae on the nights of 16 and 19 October was immediately preceded by egg 

spawning spike no. 7, whose egg number was comparatively not large.  By contrast, a 
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large number of eggs spawned on 4 October (spike nos. 1 and 2) were succeeded only 

by a quite low number of larvae for the subsequent 6 d.  The grand mean concentration 

of larvae during the period from 4 to 21 October was 1.3 larvae l-1. 

In 2008, the density of settlers (= juveniles of the smallest shell-width class in Fig. 

5) at Stn 90 along the transect on the sandflat increased sharply from 12 to 13 October, 

followed by the three highest values until 16 October (Fig. 8f).  The mean density from 

the four highest records was approximately 19,000 settlers m-2.  These settler groups 

corresponded to the four spikes of egg spawning (nos. 3 to 6) that occurred 3 or 4 d 

before the appearance of each settler group (Fig. 8d).  The subsequent declining 

pattern in settler abundance with time was more continuous than that in larval 

abundance (Fig. 8e).  The grand mean density of settlers during the period from 10 to 

22 October was approximately 8,000 settlers m-2.  Thus an estimate can be made that 

0.9 % of the larvae derived from a mean of 931,000 eggs spawned by 560 females per 

square meter of the sandflat was successful in settlement (Sections 3.2 and 3.4). 

The settler density on 29 October 2008 was based on the actual data, while those 

plotted on 26, 27, and 28 October (Fig. 8f) were calculated from the juvenile densities 

corresponding to each combined shell-width class of 0.26 and 0.27, 0.24 and 0.25, and 

0.22 and 0.23 mm in the size-frequency distribution recorded on 29 October (Fig. 5).  

The daily juvenile growth rate (0.017 mm d-1; Section 3.3) was applied to this back 

calculation under the assumption of no mortality.  It was further assumed that the eggs 

leading to each of these settler groups over the four dates had been spawned 3 d 

(shortest PLD; Section 3.5) before the high-tide time immediately prior to the 

occurrence of each settler group during the low tide (cross marks in Fig. 8d).  These 

supposed egg-spawning dates were 2 to 5 d after neap tide (on 21 October; Fig. 8a).  
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This situation was similar to the preceding mass egg-spawning event in the population 

that took place between 10 and 12 October, with a time-lag of 2 to 4 d after neap tide. 

 

3.8. Vertical migration of larvae of U. moniliferum in the water column 

All larvae collected from the 23-m deep (at low tide) water column in Tomioka Bay 

were of the veliger stage, with mean concentrations of 0.5 to 1.6 larvae l-1 (Fig. 10a).  

The actual water depth of each sampling layer was within a narrow range around the 

respective targeted value except for sampling set no. 7, in which the deepest two layers 

were positioned shallower by 1 m.  Larvae migrated across all depth layers, with 12.6 

to 33.7 % (mean, 24.9 %) of the larvae in the water column being present at the surface 

1-m deep layer.  The WMDs of larvae varied from 7.0 to 12.5 m (Fig. 10b).  The 

trajectory of WMDs appears to be of a symmetrical shape about the midnight low tide, 

at which time larvae reached a maximum depth.  Exceptionally, the WMD at the final 

sampling set (no. 8) became greater than at set no. 7.  The sampling station is subject 

to wind-induced turbulence when strong northerly winds blow (Fig. 1).  Examining the 

wind record corresponding to the sampling period, it was confirmed that the above wind 

conditions took place three times, during sampling set no. 1, for a part of no. 2, and 

during no. 8, with mean northerly wind velocities of 2.5, 1.7, and 3.9 m s-1, respectively; 

during the other sampling sets, the mean values were below 1.0 m s-1 (Fig. 10c). 

 

3.9. Retrieval of drift cards 

The next day after the release of drift cards (28 October 2009: Day 1), 28.3 % of the 

total number was retrieved (Fig. 11a).  Cumulatively, 51.5 % was recovered on Day 3.  

Furthermore, the cumulative proportion appears to have almost approached an 
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asymptote by Day 9, from 60.1 % on Day 4, via 71.4 % on Day 9, to 74.5 % on Day 

17.  For most of the sampling period, northerly winds prevailed, favoring onshore 

transport of drift cards (Fig. 11b).  During the periods from 27 October to 1 

November and from 4 to 11 November, their velocities were weak, with mean values 

of 3.4 m s-1 and 2.0 m s-1, respectively, while stronger northerly winds with mean 

values of 6.8 m s-1 and 9.5 m s-1 blew on 2-3 and 11-12 November, respectively. 

 

3.10. Cohorts of juveniles of U. moniliferum throughout the breeding season in 2002 

Three distinct newly recruited cohorts were detected during the breeding season of 

2002 (Fig. 12a-i), as in 2008 (Fig. 5).  One major difference between the two years was 

that the abundance of the first cohort members was much greater in 2002.  The larval 

settlement conductive to these three cohorts appeared to be concentrated at around each 

spring tide.  On 7 October, when the first sampling was conducted in the season, there 

were both the first newly recruited cohort with a shell-width mode of 0.42 mm and the 

settler group with a truncated shell-width-frequency distribution, composed of the 

smallest-sized juveniles.  Applying the juvenile growth-rate estimate obtained in 2008 

(Section 3.3) to the 2002 data, the time of larval settlement leading to the formation of 

the first newly recruited cohort can be backdated to around the second spring tide in 

September (about 13-d time-lag between 0.42 mm and the median value of the first 

shell-width class).  The settler group on 7 October, with a shell-width mode of 0.37 

mm, had become the second newly recruited cohort on 22 October, when the last 

substantial settlement event in the season was in progress.  The settler group on 22 

October had become the third newly recruited cohort with a shell-width mode of 0.32 

mm on 4 November.  On 21 November, the first and second newly recruited cohorts 
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had merged to constitute one normal-distribution group with a shell-width mode of 0.55 

mm.  The presence of this fused cohort and the third newly recruited cohort was 

recognized until 3 January 2003, though the former was nearly absent on 21 December 

probably due to a sampling error.  On 19 January and 2 February, the three original 

newly recruited cohorts had become inseparable, with the third one being the main 

component of the finally fused cohort with a shell-width mode of 0.72 mm (on 2 

February).  This overwintering juvenile cohort became the 0+ year cohort, which was 

clearly identified in the shell-width-frequency distribution of the adult specimens 

collected on 3 April 2003 (Fig. 12j). 

   

4. Discussion 

 

The main part of the annual breeding season of Umbonium moniliferum on the 

Tomioka sandflat was substantially confined to the period from late September through 

October (Tamaki, 1994; Harada et al., 2005; Figs. 8 and 12).  The climatic conditions 

in western Kyushu over the year and their consequent influences on properties of the 

coastal waters are most moderate and stable in April-May and October (Wadachi, 1958).  

The year is divided into the “rainy” and “dry” seasons (June-September and 

October-May), which was reflected on the higher and largely stable salinity values of 

seawater in Tomioka Bay during the study period (32.5-33.0; Figs. 1 and 7b).  In the 

rainy season, southerly winds are prevalent.  In the dry season, northerly winds, which 

cause water turbulence in north-facing coastal locations like Tomioka Bay (Fig. 1), are 

dominant but are relatively weak in October (Figs. 8b, 10c, and 11b) and April-May.  

The water currents induced by even such weak winds would assist material including 
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meroplanktonic larvae, especially those present in the surface layer, to be retained 

within the bay.  During the first 23 d in October 2008, the water temperature in the bay 

was stable at around 24C, which was preceded by a rapid drop at the end of September 

and followed by a gradual decline through the rest of October (Fig. 7a).  Furthermore, 

around Tomioka Bay in October, the chlorophyll a concentration of the water column, 

which is a measure of food abundance for U. moniliferum adults, was among the highest 

recorded through the year, reaching about 4 g l-1 (Shimoda et al., 2007). 

In general, enhanced fertilization in broadcast-spawning marine invertebrates is 

dependent on (1) synchronous gamete release, (2) population size, density, and 

aggregation of spawners, and (3) sperm volume (Giese and Kanatani, 1987; Levitan, 

1995).  Between sexes in the present Umbonium moniliferum population, the 

synchronous spawning of both gametes was ascertained by the high egg-fertilization 

rates recorded in the laboratory (88.5-92.0 %; Section 3.6) and the field (95.2 %; 

Section 3.7).  Following this, when the term, egg spawning, is used, spawning of both 

gametes is meant.  The synchronized mass egg-spawning event in the U. moniliferum 

population within its breeding season has several characteristics that are common to 

those in the U. vestiarium population inhabiting a sandy shore in Penang, Malaysia 

(Section 3.7; Berry, 1986, 1987).  Regarding the three points listed above, first, the 

synchronous spawning of both gametes was pronounced also in U. vestiarium (see 

Berry, 1987).  Second, for both species, large population sizes and high densities were 

recorded (Fig. 6b; Berry and Zambri, 1983; Tamaki, 1994).  From the mean density 

values for these species (1,000-2,000 adults m-2), the mean distance between individuals 

with a representative shell width of 10 mm is estimated at 1-2 cm, from which, 

according to figure 1 in Levitan (1995), a 90-% fertilization rate would be expected.  
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Third, though the sperm volume in male U. moniliferum was not measured, 

well-developed testes were as voluminous as ovaries (A. Tamaki et al., personal 

observation).  The dry tissue weights of gonads of U. vestiarium were the same 

between sexes (Berry, 1987). 

Fertilization in broadcast spawners can also be enhanced by periodic rhythms within 

a breeding season, including synchronized gamete release in phase with light-dark, tidal, 

and semilunar cycles (Morgan, 1995).  Between Umbonium moniliferum and U. 

vestiarium, there were some differences in the former two cycles.  Regarding the 

light-dark cycle under field conditions, the egg spawning occurred both during daytime 

and nighttime in U. moniliferum versus only during daytime in U. vestiarium (Section 

3.7; Berry, 1986).  Regarding the tidal cycle, egg spawning was estimated to occur 8 to 

115 min before the time of high tide in U. moniliferum versus over a wider duration 

between 35 min before and 4.7 h after the time of high tide in U. vestiarium (Section 

3.7; Berry, 1986).  Water flows are one critical factor for enhancing gamete 

fertilization (Levitan, 1995).  The slack water conditions around high tide with 

minimum advection of material might be most suitable for retaining both gametes’ 

clouds in U. moniliferum.  Furthermore, as embryos of U. moniliferum sink for 6 h in 

the water column before hatching out by trochophore larvae, the gamete spawning by 

adults densely inhabiting the lower shore timed not to low slack but to high slack tide 

might have an adaptive significance in that (1) settling embryos would not be inhaled by 

suspension-feeding, conspecific adults (cf. Woodin, 1976; André et al., 1993) and (2) 

early-stage swimming larvae would not be stranded on the upper shore. 

Regarding the mass egg-spawning timing in phase with a semilunar cycle, there are 

several common characteristics between Umbonium moniliferum and U. vestiarium 
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(Sections 3.6 and 3.7; Berry 1986, 1987).  In the laboratory in 2008, the first mass 

egg-spawning event in U. moniliferum peaked on 4 October (Fig. 8c).  The 

direct-sampling-based estimate of the number of spawned eggs was close to the 

maximally available egg number expected from adult size-specific fecundity under the 

assumption of all females’ participation in the spawning event (Section 3.6).  This 

suggests that all females synchronously spawned all of their mature oocytes in one burst 

(but see Counihan et al. (2001) for spawning over two consecutive nights by the same 

individuals in an abalone species).  A second mass egg spawning took place on 15 

October (Fig. 8c), with 73 % of the maximally expected number of eggs being produced.  

Histological examination of ovaries of specimens from the field has detected multiple 

oocyte cohorts with different sizes (A. Tamaki et al., unpublished data).  Thus it is 

suggested that with ample food supply, the spawning of the largest-oocyte cohort would 

be succeeded by full growth of the second largest one synchronously among the reared 

females in 3-d shorter than one semilunar period. 

Around the neap tide on 8 October 2008 in the field, the heaviest of the first mass 

egg-spawning event took place 4 d earlier (spike no. 2), being coincident with that in the 

laboratory (Fig. 8c,d).  The second mass egg-spawning event took place 2 to 4 d after 

that neap tide, with the heaviest one on 11 October (spike no. 5).  The estimated date 

of the heaviest of the third mass egg-spawning event was 25 October, which was 4 d 

after the neap tide (Fig. 8d,f).  Considering the 11-d interval between the first and 

second mass egg-spawning events by the same females in the laboratory (Fig. 8c), it 

would be safe to assume that the egg-spawning spike nos. 2 and 5 in the field with their 

time-lag of 7 d were assigned not to the same but to the different females.  The mass 

egg spawning in the laboratory on 18 October was performed by the females that had 
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been collected from the field 4 d earlier (Fig. 8c).  It is plausible that these females 

once took part in the mass egg-spawning event on 4 October.  Synthesizing the results 

from laboratory and field, mass egg spawning of the Umbonium moniliferum population 

in the field appears to occur in a semilunar cycle, with two successive reproductive 

bouts taking place 14-d apart, beginning 2-4 d after neap tide.  For the population of U. 

vestiarium in Penang, it was reported that at least three heavy egg-spawning events by 

the same adult members took place in a semilunar cycle between April and May, each 

occurring 0 to 3 d after neap tide (Berry, 1986, 1987).  Moreover, the restoration of 

both ovary weights and number of the largest oocytes was completed within each 

intervening period.  The three prominent recruitment groups in the population of U. 

moniliferum on the Tomioka sandflat recognized every two weeks during the breeding 

season of both 2002 and 2008 (Figs. 5 and 12) would have been derived from the same 

adult members each year.  A similar iteroparous egg-spawning pattern within a single 

breeding season was recorded for the abalones, Haliotis asinia from the southern Great 

Barrier Reef, Australia (Jebreen et al., 2000) and H. discus hannai from northern Japan 

(Fukazawa et al., 2007).  In the latter case, the quality of eggs was better in the second 

batch of oocytes than in the first one, suggesting an increased postlarval starvation 

tolerance for the juvenile cohort that comes later in the breeding season (Fukazawa et al., 

2007).  In the U. moniliferum 0+ year cohort, the increasing dominance of the third (= 

last) newly recruited cohort over the preceding two ones with time in the breeding 

season of 2002 (Fig. 12) might be ascribed to the third cohort’s higher post-settlement 

survival rate.  Fukazawa et al. (2007) also demonstrated for H. discus hannai that the 

effective accumulative temperature (EAT), a measure of the thermal integral, was one 

critical factor determining the time interval between the two mass egg-spawning events.  
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In the present study, the smoothed seawater temperatures were lower in the laboratory 

than in the field during the period from 4 to 25 October 2008 (Fig. 7a).  Despite this, 

the time interval between first and second mass egg-spawning events was shorter in the 

laboratory than in the field by 3 d (Fig. 8c,d), suggesting that some better food 

conditions in the laboratory exerted their superior influence to EAT.  Alternatively, the 

lack of ambient environmental stimuli (e.g. tidal cycles) in the laboratory may have 

reduced the spawning interval to 11 d. 

As to the adaptive significance for semilunar periodicity of egg spawning or larval 

release at neap rather than spring tidal cycle, it may be a generally accepted view that 

the slower water movements would raise the probability of retention of larvae near their 

natal habitats, especially for lecithotrophic ones with short PLDs (Naylor, 1976).  

Other than for Umbonium vestiarium (see Berry, 1986), this spawning pattern in line 

with a local retention hypothesis has been reported for a relatively few species’ 

populations, including corals (Babcock et al., 1986; Fan et al., 2002), oyster (Korringa, 

1947), polychaetes (arenicolids – Duncan, 1960; Bailey-Brock, 1984; opheliid – Tamaki, 

1985; eunicid – Caspers, 1984; serpulid – Rothlisberg, 1974), and sea urchin (Pearse, 

1975).  For the present U. moniliferum population, however, caution must be used 

against a simple underscoring of the advantage associated with spawning at neap rather 

than spring tides.  Plenty of eggs spawned on 4 October 2008 (prior to the neap tide) 

resulted in settlement failure (Figs. 5 and 8d,f), while those spawned 2-4 d after the 

neap tide eventually contributed to the formation of the second newly recruited cohort 

in the breeding season.  A large proportion of the larval assemblage derived from the 

“after-neap-tide” egg batch experienced the spring tide that came 4-6 d later, with some 

substantial members further remaining in the water column until the next neap tide.  
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Strong currents associated with spring tides would affect larval retention in the opposite 

ways; flooding currents may effectively transport competent larvae towards the 

Tomioka sandflat, but ebbing currents could rapidly flush them out from the sandflat to 

an inner shelf area off Tomioka Bay, such as observed for newly released larvae of the 

ghost shrimp, Nihonotrypaea harmandi (see Tamaki et al., 2010).  The export of larvae 

from estuarine habitats, dispersal over the shelf, and re-invasion of estuaries by 

postlarvae is one typical dispersal type for decapod crustacean larvae found along the 

estuary to ocean gradient (Queiroga and Blanton, 2005).  It is therefore suggested that 

some mechanism should exist for U. moniliferum veligers to be retained within Tomioka 

Bay, probably through an interaction of tidal currents, northerly-wind-induced onshore 

surface currents, and coastal topography, being promoted by larval vertical migration. 

The shoreline configuration is one essential factor that determines the distribution 

and concentration of meroplanktonic larvae in nearshore waters.  In particular, 

topographic eddies of water generated around headlands can not only entrain larvae 

from offshore waters but also retain them close to the shore (Alldredge and Hamner, 

1980; Mace and Morgan, 2006), including abalone larvae with 3 to 12-d PLDs 

(McShane et al., 1988; Shepherd et al., 1992; Sasaki and Shepherd, 1995; Stephens et 

al., 2006).  Tomioka Bay, bounded by the Tomioka headland and Tsuji-Shima Island, 

may act as a local sink for material (Fig. 1).  The tidal currents flowing north of these 

topographic projections in an inner shelf area of southern Tachibana Bay are dominated 

by the long-shelf (= east) over cross-shelf (= north) components, with their maximum 

speeds different by five times (Tamaki et al., 2010).  A weak clockwise residual current 

is observed inside Tomioka Bay, which could be regarded as a sort of topographic eddy 

(Suzuki et al., 1982; Fujiie et al., 2006).  Upon their entry into Tomioka Bay, an 
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assemblage of postlarvae of Nihonotrypaea harmandi that is present close offshore of 

the bay could ride on a nighttime onshore flooding currents and further become 

entrained in the residual current to reach the Tomioka sandflat (Fujiie et al., 2006; 

Tamaki et al., 2010).  Within Tomioka Bay, the concentrations of Umbonium 

moniliferum larvae appeared to be spatially constant (0.5 to 1.6 and 1.3 larvae l-1 on the 

uppermost sandflat and a 1.5-km offshore station, respectively; Sections 3.7 and 3.8), 

suggesting that they are well mixed and retained inside the bay.  The results of the 

drift-card experiment conducted to simulate the dispersal of U. moniliferum larvae, a 

quarter of which was present in the surface layer of the water column (Fig. 10a), suggest 

that within their shortest PLD (= 3d), at least 12.5 % (= 0.25  0.5) of the larvae 

released from the sandflat at high tide of the neap tide would be concentrated in a 

narrow belt close to the shoreline including the sandflat part (Fig. 1; Sections 3.5 and 

3.9).  Furthermore, by Day 9, 17.5 % (= 0.25  0.7) of the larvae would have been 

brought to the shore.  This retention of material in surface waters could occur with 

relatively weak onshore currents induced by northerly winds (Fig. 11b). 

The position of meroplanktonic larvae in the water column with depth-dependent 

current velocities determines horizontal transport trajectories (Metaxas and Saunders, 

2009; Tamaki et al., 2010).  When disturbed by turbulence, gastropod larvae tend to 

pull in their vela and sink in the water column (Fuchs et al., 2004).  At set no. 8 in the 

sampling that examined the vertical distribution of Umbonium moniliferum veligers, 

their WMD might have been at a shallower position if it were not for water turbulence 

caused by the strongest northeasterly winds (Fig. 10b,c; Section 3.8).  The resultant 

putative trajectory of WMDs over a 24-h period suggests a reverse diel vertical 

migration, in which larvae ascend to a minimum depth during the day and descend to a 
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maximum depth at night.  Whether or not possible reverse diel migration for a vertical 

distance of 5.5 m (in WMD) undertaken by U. moniliferum veligers promotes their 

retention around the shoreline of Tomioka Bay, especially during spring-tide periods, is 

a future research topic. 

The degree of self-recruitment in the population of Umbonium moniliferum on the 

Tomioka sandflat can be assessed by computing the ratio of the number of potentially 

available competent larvae to that of actually recorded settlers on a daily basis over the 

monitoring period for settler density (10 to 22 October 2008, excluding 17th; Fig. 8f).  

This ratio is similar to “Net Larval Abundance” in Yoshioka (1982) and the reciprocal of 

“Settlement Success Factor” in Chícharo and Chícharo (2001).  For the computation, 

six assumptions were made as follows: (1) all larvae are retained in the water column 

within the sandflat; (2) there is no mortality due to predation; (3) the competent larval 

assemblage is a mixture of those with ages (from the time of egg fertilization) between 

2 and 9 d at the time of high tide immediately prior to the low tide on each 

juvenile-sampling date (Section 3.6, last paragraph); (4) the exponentially decreasing 

function describing the availability of competent larvae with time established in the 

laboratory (Fig. 9) can be applied to the field circumstances, given that the difference in 

seawater temperature, the primary determinant of developmental rates of lecithotrophic 

larvae (Reitzel et al., 2004; Strathmann, 2007), was actually small between laboratory 

and field as well as for the difference in salinity (Fig. 7a,b); (5) the comparison between 

competent-larval and settler abundances can be made on an areal basis of the sandflat.  

The rationale is that adults (and accordingly gametes just spawned from them) and 

juveniles were distributed in zones parallel to the shoreline (Tamaki and Kikuchi, 1983; 

Tamaki, 1994; Section 3.4).  As these two zones occupied different positions along the 
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elevation gradient, two strips with different lengths along the transect are 

correspondingly set for the comparison (160-m long strip from Stn 130 to Stn 290 and a 

210-m long strip from Stn 20 to Stn 230, respectively; Fig. 6); and (6) the proportion of 

the settler number at a representative sampling station (Stn 90) in the sum total number 

from all stations containing juveniles along the transect is 5.8 % (Section 3.4).  The 

fertilized-egg number in the water column over a unit area of the sandflat was calculated 

by multiplying the density of just spawned eggs by the egg-fertilization rate under field 

conditions (95.2 %; Section 3.7).  The spawned-egg density on each sampling occasion 

in the egg-concentration monitoring period (2 to 21 October 2008; Fig. 8d) was 

calculated under three assumptions as follows: (1) any one of all females spawned its 

eggs at full strength only once at any high tide during the period between the two 

consecutive neap tides (Section 4, fourth paragraph); (2) the total number of eggs 

spawned from the population existing on a unit area of the sandflat during this period 

can be estimated from the shell-width-frequency distribution of adults and their 

size-specific fecundity on a representative date just prior to the initial neap-tide date 

(956,000 eggs m-2 on 29 September 2008; Section 3.2); and (3) the number of spawned 

eggs corresponding to each high tide during the period can be estimated by allocating 

the total number of spawned eggs to each sampling occasion in proportion to the ratio of 

the actually recorded concentration of spawned eggs to the sum total concentrations 

over the period (Fig. 8d).  The computed outcomes for the competent-larva-to-settler 

ratio on each of the 12 consecutive dates during the middle of October 2008 were 49.2 

(October 10th), 2.4 (11th), 2.2 (12th), 0.5 (13th), 0.9 (14th), 1.1 (15th), 0.7 (16th), 1.1 

(18th), 0.7 (19th), 1.2 (20th), 1.8 (21st), and 5.0 (22nd).  Except for the highest values 

on October 10th and 22nd, the ratios were fairly stable in a narrow range, with six dates 
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exceeding 1.0 and four dates less than 1.0.  Except for a small peak in the egg 

spawning on the 15th, no mass egg spawning took place on the eve of the occurrence of 

settlers in the last one third of the monitoring period (18th-22nd), yet those settlers 

could be explicable by the surviving larvae derived from the four egg-spawning spikes 

in the first one-third period (10th-12th; spike nos. 3 to 6 in Fig. 8d).  Even with the 

most conservative estimates of larval supply to the Tomioka sandflat possible (i.e. 

complete retention of spawned larvae and no predation on those larvae), the population 

would still appear to be falling short, and hence there must be subsidies of larvae 

coming from other nearby tidal flats.  The candidates for such local populations are 

those residing on seven major intertidal sandflats along the east coast of 

Amakusa-Shimoshima Island, which are located 20-30 km eastwards alongshore from 

the Tomioka sandflat (Fig. 1).  These local populations would most probably have 

acted as a larval source in the late 1990s to replenish the Tomioka sandflat population 

that had been driven to extinction by an increased bioturbating activity of the 

Nihonotrypaea harmandi population during the early to middle 1980s (Flach and 

Tamaki, 2001).  In order to assess the degree of self-recruitment in the U. moniliferum 

population on the Tomioka sandflat, it is especially required to know the degree of 

synchronization between autochthonous and allochthonous egg spawnings, and the 

amount and speed of transport of those allochthonous competent larvae. 

The dispersal distance of meroplanktonic larvae for 1-20 km has been least 

documented in the larval ecology literature, which may stem from an artifact simply due 

to a kind of available data set and to our poorer knowledge on nearshore larval transport 

processes associated with complex local hydrodynamics in irregular topographic 

settings (Pineda, 2000; Cowen and Sponaugle, 2009; Shanks, 2009; Tamaki et al., 2010).  
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Local populations of abalone species with 3 to 12-d PLDs are supposed to have a 

potential connectivity mostly at a maximum distance of 10-30 km, but the usual larval 

transport distance could be on the order of 0-10 km presumably related to 

self-recruitment (McShane, 1995; Sasaki and Shepherd, 1995; Stephens et al., 2006).  

For the present Umbonim moniliferum, an extended PLD with 2 wk to 1 mo was 

recorded for a few larvae in the laboratory (Section 3.6).  In the field, such aged larvae 

could be transported for a much longer distance than usual (Kinlan et al., 2005), as 

recorded for planulae or embryos of brooding corals (Richmond, 1987) and 

gamete-spawning ones (Babcock and Heyward, 1986) in surface slicks, which have 

potencies to prolong their larval competence length far beyond the shortest PLD of 

hours to days. 

In the present study, the settlers available per day during the daily monitoring and 

the newly recruited cohort in the shell-width-frequency distribution of Umbonium 

moniliferum were defined as juveniles belonging to the smallest size class and to the 

most left-hand normal distribution group, respectively (Section 2.3; Fig. 5).  The 

presence of the juvenile group to the left of that newly recruited cohort, including 

settlers, means that the process from settlement to recruitment is still underway.  Once 

so defined, the ambiguity about discriminating settlers and recruits has disappeared.  

As operational definitions of settlers and recruits are deemed inevitable in marine 

benthic ecology (Booth, 1991; Michener and Kenny, 1991; Gosselin and Qian, 1997; 

Pineda, 2000), our definition would serve as one feasible way to avoid the uncertainty 

between these two terms especially for those macrobenthos that release their gametes or 

larvae (1) with a relatively short PLD, (2) in a (semi) lunar cycle, and (3) en masse over 

a short period of time for each.  The local population of U. moniliferum in the present 
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study area satisfies all above conditions, enabling the link from egg spawning, via 

competent larval occurrence, to larval settlement and juvenile recruitment to be tracked 

quantitatively.  One cycle from mass egg spawning to juvenile recruitment has been 

completed basically from one neap tide to the next, which was repeated three times, 

most probably by the same adult members within a short annual breeding season 

(Sections 3.3, 3.7, and 3.10).  The consequently formed three distinct newly recruited 

cohorts have eventually fused into a single young-of-the-year cohort in the adult 

population (Fig. 12j).  If sediment samples were treated with a 0.5- or 1-mm mesh 

sieve through, for instance, a monthly sampling schedule, true processes underlying that 

cohort formation would have been missed.  Even a fortnightly sampling schedule with 

sediment samples unsieved (Fig. 12a-i) could neither present these processes nor give 

explicit quantities to the terms with double quotation marks listed in the first paragraph 

of the Introduction (Section 1), except for the size of recruits.  At least for one 

semilunar cycle, the daily monitoring for settler density with one or two samplings per 

day will be necessary (Figs. 5 and 8f; Connell, 1985; Gosselin and Qian, 1997; Pineda, 

2000).  Furthermore, the daily monitoring for egg spawning and larval abundance 

patterns have strengthened our grasp of the entire flow of sequential events (Fig. 8d,e), 

into which results from the laboratory rearing experiments (Figs. 8c and 9; Section 3.5) 

and other information from the field (Figs. 3, 4, and 6) were incorporated.  Although 

the present study has successfully demonstrated the process of newly recruited cohort 

formation, only suggestions were available concerning the mechanism of local retention 

or regional-scale allochthonous subsidies of larvae (Figs. 10 and 11; Section 4, ninth 

paragraph).  To evaluate the degree of self-recruitment, future research on the 

nearshore hydrodynamics responsible for larval dispersal and transport, including the 
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construction of an appropriate biophysical transport model, will be needed (cf. Pineda, 

2000; Cowen and Sponaugle, 2009; Metaxas and Saunders, 2009).  As U. moniliferum 

and U. vestiarium act as key dominant suspension feeders supporting a number of 

associated species on each local benthic community in intertidal sandflats or sandy 

shores scattered along a vast stretch of the coastline from middle to low latitudes of the 

Indo-West Pacific Province (Fretter, 1975; Berry and Zambri, 1983; Morton and Morton, 

1983; Reise, 1991; Tamaki 1994; Abdul-Salam and Sreelatha, 1998; Ogaya, 2004), the 

understanding of their meta- and local population dynamics will be crucial to elucidate 

the dynamics of coastal communities and ecosystems there. 

 

5. Conclusions 

 

For the understanding of processes of initial cohort formation in populations of 

benthic macro-invertebrates with a meroplanktonic larval phase in soft-sediment 

habitats, the present study has highlighted the importance of (1) giving clear definitions 

for settlers and recruits, depending on the specific circumstances, (2) setting a fine 

resolution in time and space in the sampling program to differentiate settlers and 

recruits, and (3) tracking released propagules (i.e. eggs/larvae), competent larvae, 

settlers, and recruits in a comprehensive framework.  The trochid gastropod, 

Umbonium moniliferum, with its short PLD, high population abundance, and cyclic, 

synchronous, and pulsed mass gamete-spawning pattern in the population within a 

limited breeding season of the year, would provide us with one of the most appropriate 

case-study organisms for revealing a mechanism of distinct cohort formation in 

soft-sediment benthic systems. 
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Figure captions 

 

Fig. 1. Study area in the estuarine system ranging from Ariake Sound, via Tachibana 

Bay, to the coastal waters of the East China Sea, western Kyushu, Japan, with contours 

representing 10-m depth changes.  The main intertidal sandflats are indicated in black 

along the coastline.  On the Tomioka sandflat located at the northwestern corner of 

Amakusa-Shimoshima Island, the collection of Umbonium moniliferum juveniles and 

adults was made along one representative shore-normal transect within a long-term 

monitoring area of the sandflat during low tide (inset panel; Sections 2.3-2.6 in text).  

The collection of spawned eggs and larvae was done at the uppermost point of the 

transect during high tide (Section 2.2).  The larval sampling on board the ship and 

drift-card release (Sections 2.7 and 2.8) were performed off the sandflat within Tomioka 

Bay lying between Tomioka headland and Tsuji-Shima Island.  The retrieval of drift 

cards was conducted along the upper shoreline indicated in thick line in the inset panel.  

The wind velocity data were recorded every 10 min at the meteorological observation 

station run by the Kumamoto Prefecture Government 

(http://cyber.pref.kumamoto.jp/bousai/).  

 

Fig. 2. Laboratory setup for accommodating adults (adult tank), collecting spawned 

eggs (egg tank), and maintaining embryos and larvae (larval tank) of Umbonium 

moniliferum in running ambient seawater within a large tub (dimension of each 

component not to scale; Sections 2.9, 2.10, 3.5, and 3.6 in text).  Black arrows 

designate the direction of seawater flow. 
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Fig. 3. Scatter plots of ripe egg numbers versus shell width in Umbonium moniliferum 

collected from the Tomioka sandflat in 2002.  The best-fitted regression equation 

presented with the superimposed curve is: No. eggs = 2588.98 [1 + 1807.98 exp (-0.955 

Shell width)]-1.  The two points circled with broken lines were excluded from 

regression analysis as outliers (Sections 2.5 and 3.1 in text). 

 

Fig. 4. Shell-width-frequency distributions of Umbonium moniliferum with fitted 

normal-distribution curves for the combined samples collected with a 100-cm2 corer on 

18 August and 29 October 2008 (a) and with a 625-cm2 quadrat frame on 3 August 2008 

(b) on the Tomioka sandflat.  The vertical axis in panel (a) indicates the frequency of 

individuals for each size class per core.  The normal-distribution curve with a broken 

line in panel (b) is a supposed one for 29 September 2008, as extrapolated from the 3 

August curve (solid line), based on the daily individual growth rate and mortality rate 

for each of the two cohorts, which were derived from panel (a) (Sections 2.6 and 3.2 in 

text). 

 

Fig. 5. Shell-width-frequency distributions of juveniles of Umbonium moniliferum per 

200 cm2 at Stn 90 along the transect on the Tomioka sandflat during September to 

October 2008 (Figs. 1 and 6).  Note the different scales on the y-axes.  A value to the 

third decimal place was set at the boundary between two adjacent classes.  

Normal-distribution curves were fitted to the supposed newly recruited cohorts 

(Sections 2.3 and 3.3 in text). 
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Fig. 6. Variation in the density of Umbonium moniliferum along the transect on the 

Tomioka sandflat, with a mean and range (n = 2) for juveniles on 14 October 2008 (a) 

and for two different year-cohorts of adults (n = 1) on 3 August 2008 (b) (Sections 2.3 

and 3.4 in text).  The two adult cohorts were separated at a shell width of 10 mm (Fig. 

4). 

 

Fig. 7. Variations in seawater temperature (a) and salinity (b) in the water column on the 

Tomioka sandflat and in the laboratory tank at Nagasaki Prefectural Institute of 

Fisheries (Fig. 2) during the period of monitoring for spawned eggs, larvae, and 

juveniles of Umbonium moniliferum in 2008.  The intermittent missing data in the 

laboratory record was due to the daily procedure to check for spawned eggs in the adult 

tank.  Smoothing of temperature data was done with a Loess regression (Sections 2.2, 

2.9, 3.6, and 3.7 in text). 

 

Fig. 8. Sequential change in the densities of spawned eggs (d) and larvae (e) at the 

uppermost point of the transect during high tide, and settlers at Stn 90 along the transect 

during low tide (f) of Umbonium moniliferum on the Tomioka sandflat in relation to the 

variations in tidal height at Stn 230 with lunar phases and spring/neap tides (a), in wind 

velocity (b), and in the mean  SD density (no. of samples beside bars) of spawned eggs 

in laboratory Larval Rearing Sets 1 and 2 (c) during the period from 2 to 29 October 

2008.  The seven highest spikes of egg spawning in the field are given serial numbers 

in order of dates (panel (d)).  The settler densities on 26-28 October, indicated as blank 

columns, were back calculated from the juvenile shell-width-frequency distribution 

recorded on 29 October (Fig. 5).  The dates of the egg spawning corresponding to 
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those settlers on 26-29 October (cross marks in panel (d)) were estimated based on the 

shortest PLD (= 3 d; Section 3.5).  The tidal height values on 28-29 October were 

extrapolated from the data measured with the pressure gauge deployed at Stn 230 up to 

0:00 on 28 October.  See Sections 2.2, 2.3, 2.9, 3.3, 3.4, 3.6, and 3.7 in text. 

 

Fig. 9. Change in the proportion of the number of surviving larvae relative to that of 

initially fertilized eggs of Umbonium moniliferum with the lapse of days in Larval 

Rearing Sets 1 and 2 combined.  The estimated initial egg numbers in Sets 1 and 2 are 

1,879,001 and 2,084,461, respectively.  The superimposed broken line indicates the 

regression curve for 2 Day 9 given as an exponential function (Sections 2.9 and 3.6 

in text). 

 

Fig. 10. Sequential change in the concentrations of veligers of Umbonium moniliferum 

(no. of larvae 450 l-1) along water depth in the course of eight sets of pump sampling at 

a station in Tomioka Bay (star mark in inset panel of Fig. 1) conducted for 22 h between 

22 and 23 October 2007 (a) and in the weighted mean depth (WMD) of those larvae in 

the course of diel- and tidal-phase shifts (b) in relation to wind velocity variation (c).  

The definition of WMD is given in Section 2.7 in text (see also Section 3.8).  The 

WMD values are plotted at the mid-point of the period for each sampling set.   

 

Fig. 11. Cumulative retrieval rates of drift cards released at a station in Tomioka Bay 

(cross mark in inset panel of Fig. 1; N = 800) on 27 October 2009, collected along the 

upper shoreline (thick line in inset panel of Fig. 1) over the subsequent 17 d (a) in 

relation to wind velocity variation (b) (Sections 2.8 and 3.9 in text). 
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Fig. 12. Shell-width-frequency distributions of Umbonium moniliferum in the combined 

samples for each date, which were collected along the transect on the Tomioka sandflat 

for juveniles every spring tide during the period from October 2002 to February 2003 

(a-i) and for adults on 3 April 2003 (j).  Normal-distribution curves were fitted to 

supposed cohorts including the newly recruited ones (a-g).  The two cohorts in panel 

(j) stand for 0+, and 1+ and older, respectively (Sections 2.4 and 3.10 in text). 
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Table 1 (S. Mandal et al.)

Table 1
Initial growth rates in shell width of Umbonium moniliferum for six time intervals
in October 2008.  The shell-width values are the modes of either the truncated
distribution groups composed of the smallest juveniles or the normal-distribution
groups forming a newly recruited cohort (Fig. 5).

initial final initial final
16 18 0.205 0.245
18 19 0.245 0.265
19 20 0.265 0.271
20 21 0.271 0.296
21 22 0.296 0.314
22 29 0.314 0.400

0.018
0.012

shell width (mm)date in October growth rate (mm d-1)

0.020
0.020
0.006
0.025




