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INTRODUCTION

The life-cycle of many marine invertebrates involves
a pelagic larval stage which may last for days, weeks
or months, and may link populations over potentially
large spatial and temporal scales (Alexander & Rough-
garden 1996, Cowen et al. 2000). The scale of dispersal
is an important component of an organism’s life-history
and strongly influences population dynamics and evo-
lution (McQuaid & Phillips 2000, Kritzer & Sale 2004).
Populations can often be modelled as metapopulations
(Kritzer & Sale 2004) comprising a series of distinct
sub-populations maintained by dispersal among them.
In this framework, migrants can effectively recolonise
sites in which the species has recently become extinct

(Hanski & Gilpin 1991). Development and mainte-
nance of such metapopulations requires larval connec-
tivity among and potentially within sub-populations,
with high larval transport likely to reduce the risk of
population extinction (den Boer 1981).

Understanding how larvae are exchanged between
populations is therefore vital for prediction of population
dynamics in the marine environment. It is thought that
larvae are able to control their dispersal to some extent
by vertical migration in relation to physical or hydro-
graphic features (e.g. stratification by abiotic and biotic
factors) (Dobretsov & Miron 2001), but this process is
poorly understood. In shallow coastal seas, larvae have
been shown to control the direction of net travel by
ascending into the water column at certain states of the
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tide (flood, ebb, high or low water) and descending to
the bottom during others (Schultz et al. 2003). However,
in the absence of detailed knowledge of behaviour,
larvae are considered in most cases to behave as passive
particles and their movements are predicted by hydro-
dynamic models incorporating only the duration of larval
life (Roberts 1997). The passive behavioural assumption
limits the effectiveness of recruitment estimations, with
models often only partially predicting population dis-
tribution (Roberts 1997, Cowen et al. 2000, Leis 2002).
This simplistic approach to modelling population
dynamics could lead to errors in both research and
management (Carr & Reed 1993). It is therefore im-
portant to characterise behavioural traits during larval
development (i.e. spawning to settlement). 

Behaviour during larval development (e.g. vertical
migration) has seldom been investigated for marine
invertebrates, especially bivalves (Manuel et al. 1996,
Maximovich et al. 1996, Dobretsov & Miron 2001).
Research to date suggests that the distribution of lar-
vae is heterogenous, with early stages staying near the
water surface prior to settlement followed by move-
ment towards the bottom by late stages to facilitate set-
tlement (Cragg 1980). Abiotic factors (e.g. tempera-
ture, tidal cycle, tidal phase, season) and biotic factors
(e.g. food availability) are thought to drive vertical
migration patterns (Dobretsov & Miron 2001, Burdett-
Coutts & Metaxas 2004). In mesocosms, early veligers
(<200 µm) of the scallop Placopecten magellanicus
show a preference for surface layers over discontinuity
layers (e.g. thermocline) (Gallager et al. 1996). How-
ever, experiments of this type may miss much of the
detail controlling patterns in nature (see den Boer 1981
for review). More specifically, the influence of tidal
flow on vertical distribution and behaviour has not
been investigated in detail (e.g. Butman et al. 1994,
Cáceres-Martinez & Figueras 1998, Dobretsov & Miron
2001, Metaxas 2001, Pernet et al. 2003), particularly in
highly turbulent systems.

The Irish Sea is a well-mixed water body (Brown et
al. 2003) between the east coast of Ireland and the west
coast of Britain. It contains large populations of mus-
sels Mytilus spp. which are a suitable model organism
for field-based studies of larval vertical distribution.
They spawn in late April to late May and larvae
develop planktonically for about 4 wk and settle at
around 220 µm. They are abundant and readily identi-
fiable, particularly in the Irish Sea, where there are few
other species of bivalves. Two species are thought to
occur in the Irish Sea, M. edulis and M. galloprovin-
cialis; however they cannot be distinguished and are
thus referred to as Mytilus spp. herein. This paper
presents the results of a study to determine whether
patterns of distribution of mussel larvae in the water
column vary during different conditions of tidal flow.

The study aimed to determine whether (1) larval den-
sities in the water column vary at a range of temporal
scales (month, tidal phase, tidal state), (2) vertical dis-
tribution of larvae through the water column varies
with tidal phase and state, and (3) a greater proportion
of late stage (>210 µm) larvae occur near the bottom
than at other depths, and a greater proportion of early
stage (<210 µm) larvae occur near the surface than at
other depths. 

MATERIALS AND METHODS

Variation in larval density and vertical distribution.
Sampling was carried out in the Blackwater region off
the coast of County Wexford in the southern Irish Sea
(Fig. 1) during May/June and July/August 2005.
Spawning in the region typically occurs between mid-
May and early-June (A. M. Knights unpubl. data).
The May/June sampling was selected to coincide with
high proportions of early stage larvae (<210 µm)
and the July/August sampling to coincide with high
proportions of near-settlement, late stage juveniles
(>210 µm). Two 100 m × 100 m sites (Site 1:
52° 19.542’ N, 6° 15.538 W; Site 2: 52° 20.036’ N,
6° 15.344’ W) in 25 m of water within a 4 km2 area were
chosen, with the criteria that both sites had similar bot-
tom topography and were composed of slightly grav-
elly sand. Mean current speeds at the surface and at
the seabed in the region vary between 1 m s–1 (surface
flood), 0.85 m s–1 (surface ebb), 0.70 m s–1 (bottom
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Fig. 1. Blackwater region off the coast of County Wexford in
the southern Irish Sea, showing study sites
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flood) and 0.6 m s–1 (bottom ebb) (Acoustic Current
Doppler Profiler data: Aquafact International pers
comm.). Average tidal range varies between +1.2 and
–0.6 m during spring phases and ±0.3 m during neap
phases (Admiralty Tables 2005).

In each of the 2 periods (May/June and July/August)
samples were collected at each site once during spring
and once during neap tides and during the 4 tidal
states of each tide: (1) flood, (2) ebb, (3) slack high
water, (4) slack low water. Tidal oscillations were gen-
erated (Admiralty Tables 2005) to identify the phases
and states with the most similar tidal amplitudes. The
water depth was measured to the nearest 1 m using a
Simrad EQ33 echo sounder, and the water column was
divided into 3 equal depth zones: (1) top (0 to 8 m), (2)
middle (8 to 16 m), (3) bottom (16 to 24 m). The Irish
Sea is a well-mixed body of water due to strong water
currents with no known hydrographic features at par-
ticular depths (Brown et al. 2003). Using a vertically
mounted, messenger-operated Niskin water sampler
collecting a 1 l sample, 5 replicate samples were col-
lected from each depth zone at random intervals dur-
ing the course of each tidal state (considered to be ±1 h
of maximum flood/ebb and ±1 h high/low water). Sam-
ples were preserved in 10% industrial methylated
spirit and the abundance of Mytilus spp. larvae was
estimated using the identification keys of Loosanoff et
al. (1966), Chanley & Andrews (1971), de Schweinitz &
Lutz (1976) and Le Pennec (1978). 

Larval densities were compared using an orthogonal
5-factor design (1: site [random], 2: time [random], 3:
phase [fixed], 4: state [fixed], 5: zone [fixed]) and
analysed by analysis of variance (ANOVA) following
methods described in Underwood (1997). All computa-
tion was carried out using the programme ‘GMAV 5’
(Underwood & Chapman 1998). Cochran’s C-test was
used to test for homogeneity of variances, and in cases
of significance (p < 0.05), data were square-root (x + 1)
transformed. In cases where no test was possible, inter-
active terms that were not significant (p > 0.250) were
eliminated as per Underwood (1997). For terms which
were significant (p < 0.05), Student-Newman-Keuls
(SNK) (Newman 1939, Keuls 1952) procedure was
used to determine which means differed. 

Vertical distribution of larvae of different sizes. Fif-
teen larvae were randomly subsampled from each set
of 5 replicate samples taken from a given depth zone at
a given time. Larval shell lengths were measured
(±0.5 µm) using an Olympus B201 microscope and
Optimas Image Analysis software (Media Cybernet-
ics). Larvae were then divided into 2 size classes:
>210 µm (late stage) and <210 µm (early stage). This
distinction is semi-arbitrary, but is based on the
approximate size of a larva at metamorphosis to a pedi-
veliger (Carriker 1961, Lutz 1985). A series of χ2 tests

was performed (Fowler et al. 1998) to determine
whether late-development larvae were disproportion-
ately abundant nearest the seabed in the bottom depth
zone than in other depth zones, and if early develop-
ment larvae were disproportionately more abundant
nearest the surface in the top depth zone compared to
the 2 other depth zones, during each tidal flow state
(flood, ebb, high and low water). Observed frequencies
were compared to expected frequencies generated on
the basis of random chance, with a null hypothesis that
early or late stage larval were equally likely to be pre-
sent within each of the 3 depth zones. 

RESULTS

Mytilus spp. larvae were found during both sam-
pling periods, but their numbers were highly variable.
The maximum density of larvae in any one sample oc-
curred during the spring tide of May/June, with 22 l–1

collected. Samples without larvae were also collected
during all time periods, tidal phases and states, high-
lighting the variability in larval density within the
water column. 

Variation in density of larvae in relation to time (Ti)
tidal phase (Ph) and tidal state (St)

Overall, there was a 50% increase in total larval den-
sity between May/June and July/August, with an
increase in mean density (±SD) from 4 ± 3 to 6 ± 4 l–1

respectively. During the spring tides of both May/June
and July/August, larval densities in the water column
were significantly higher during flood tides than all
other tidal states. Larval densities of 8 l–1 in May/June
and 10 l–1 in July/August were observed during flood
tides, compared to the markedly lower densities dur-
ing ebb (3 and 5 l–1), high (4 and 6 l–1) and low tides (4
and 5 l–1) (Fig. 2, Table 1, Ti × Ph × St, p < 0.01, SNK
procedure). During the neap tides of May/June, high-
est densities were again observed during flood tides (7
l–1) and lowest densities during ebb tides (3 l–1). During
slack high and low water periods of neap tides, larval
densities did not differ from densities during spring
tides (Fig. 2, Table 1, Ti × Ph × St, SNK procedure).
During the neap tides of July/August, no differences in
larval density were found between tidal states (Fig. 2,
Table 1, Ti × Ph × St, SNK procedure).

Larval densities were highly variable between sites
during flood tides, with greater mean densities at Site
2 (9 ± 4 l–1 ) than at Site 1 (5 ± 2 l–1) in May/June. Con-
versely, in July/August greater densities were found at
Site 1 (10 ± 3 l–1) than at Site 2 (8 ± 3 l–1) (Fig. 2, Table 1,
Si × Ti × St, SNK procedure, p < 0.01).
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Vertical distribution of larvae in relation to 
tidal state

Tidal phase had no effect on the distribution of lar-
vae in relation to depth. However, vertical distribution
varied considerably with tidal state (Table 1, St × Zo,
p < 0.0006). At maximum flow rates of flood tides, lar-
vae were distributed homogenously throughout the
water column, with densities of 9 ± 2 l–1 (33%) at the
surface, 10 ± 4 l–1 (38%) in the middle depth zone and
8 ± 2 l–1 (29%) in the bottom zone (Fig. 2, Table 1, St ×
Zo, SNK procedure). During ebb tides, stratification
was found between depth zones, with larval densities
in the bottom (5 ± 2 l–1, 42%) and middle (4 ± 2 l–1,
33%) depth zones significantly higher than that within
the top zone (3 ± 1 l–1, 25%) (Fig. 2, Table 1, St × Zo,
SNK procedure, p < 0.05) 

During periods of minimal tidal flow, larval distrib-
ution was highly stratified, with larvae tending to
aggregate nearest to the seabed in the bottom depth
zone (Fig. 2). During slack high water, stratification
was found between all depth zones, with 9 ± 2 l–1

(60%) larvae captured in the bottom depth zone, 4 ±
2 l–1 (27%) in the top depth zone and the remaining
2 ± 1 l–1 (13%) in the middle zone (Fig. 2, Table 1,
St × Zo, SNK procedure). During low water slack
tide, the highest percentage of larvae was again
found in the bottom depth zone: 8 ± 2 l–1 (57%)
(Fig. 2, Table 1, St × Zo, SNK procedure). The re-
maining larvae were distributed evenly between the
top and middle depth zones with 3 ± 1 l–1 (21%) and
3 ± 1 l–1 (21%), respectively (Fig. 2, Table 1, and
SNK procedure). 
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Fig. 2. Mytilus spp. Mean (+SD; n = 5) density of larvae in 3
depth zones: top (black), middle (grey) and bottom (white).
Samples collected over 4 tidal states and during 2 tidal phases 

at 2 sites during (A) May/June and (B) July/August 2005

Table 1. Mytilus spp. ANOVA of larval densities in relation to
site, time, tidal phase, tidal state and depth zone at Blackwa-
ter, County Wexford, in 2005. n = 5 replicates. Data are
square-root (x + 1) transformed; Cochran’s C-test = 0.0467,
not significant. Values significant at *p < 0.05 and **p < 0.01, 

respectively; –: not tested

Source df MS F p

Site (Si) 1 1.40 0.81 0.533
Time (Ti) 1 22.96 13.22 0.171
Phase (Ph) 1 6.06 – –
State (St) 3 15.57 – –
Zone (Zo) 2 18.24 – –
Si × Ti 1 1.73 7.54 0.006**
Si × Ph 1 0.80 25.63 0.124
Si × St 3 0.40 0.15 0.924
Si × Zo 2 2.59 36.11 0.027*
Ti × Ph 1 13.02 415.13 0.031*
Ti × St 3 0.31 0.11 0.946
Ti × Zo 2 0.16 2.28 0.305
Ph × St 3 2.25 – –
Ph × Zo 2 0.00 – –
St × Zo 6 7.04 23.54 0.001**

Si × Ti × Ph 1 0.03 0.14 0.712
Si × Ti × St 3 2.72 11.85 0.000**
Si × Ti × Zo 2 0.07 0.31 0.732
Si × Ph × St 3 0.74 8.84 0.053
Si × Ph × Zo 2 1.24 3.28 0.234
Si × St × Zoa 6 0.27 1.09 0.460
Ti × Ph × St 3 1.87 22.30 0.015*
Ti × Ph × Zo 2 0.23 0.62 0.619
Ti × St × Zo 6 0.35 1.42 0.339
Ph × St × Zo 6 0.29 1.03 0.484 

Si × Ti × Ph × St 3 0.08 0.36 0.779
Si × Ti × Ph × Zo 2 0.37 1.64 0.195
Si × Ti × St × Zo 6 0.25 1.09 0.369
Si × Ph × St × Zoa 6 0.21 1.45 0.333
Ti × Ph × St × Zo 6 0.28 1.99 0.211

Si × Ti × Ph × St × Zo 6 0.14 0.63 0.706

Residual 384 0.23

aEliminated (Underwood 1997)
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Vertical distribution of early and 
late stage veligers

The mean larval shell length (±SE) increased from
120 ± 1 µm in May/June to 193 ± 1 µm in July/August,
with individuals ranging from 99 to 136 µm and from
163 to 225 µm at each time, respectively. No differ-
ences in vertical distribution in relation to depth were
observed between early (<210 µm) and late (>210 µm)
stage larvae (Fig. 3, Table 2). χ2 tests of larval size 
frequency within each depth zone revealed that larvae
of different sizes were homogenously distributed
throughout the water column. Early stage larvae were
evenly distributed throughout the water column dur-
ing all tidal states (Table 2), whereas late stage larvae
were only homogenously distributed during the ebb

and low water states (Fig. 3, Table 2). During flood and
high water states insufficient late stage larvae were
captured to enable an analysis to be performed.

DISCUSSION

Pedrotti & Fenaux (1992) described 2 modes of larval
dispersal: (1) larvae may remain within a water parcel
overlying the adult habitat and subjected to bottom
currents, or (2) larvae may be introduced into a differ-
ent water layer by current advection, and be more
greatly influenced by wind-driven transport. In the
present study the density of mussel larvae in the water
column of the Irish Sea varied depending on tidal state.
Maximum densities of larvae were captured during
flood tides of both spring and neap tidal phases,
whereas minimum densities were found during ebb
tides. Regardless of the cause of this pattern, in the
Irish Sea it would result in the net northward move-
ment of larvae because the flood tide flows strongly
northwards. These larvae would therefore be trans-
ported over greater distances in that direction (Roeg-
ner 2000, Schultz et al. 2003). The most likely explana-
tion for the lack of larvae in our samples during ebb
tides is that they were so closely associated with the
seabed (samples collected in the bottom zone were at
least 1 m above the seabed). This may indicate that lar-
vae actively avoid transport during ebb tides. In con-
trast, the increased larval densities during flood peri-
ods may indicate an active process of resuspension to
facilitate transport during flood tides. The only other
possible explanations are some artifact of the sampling
process that acts on ebb or flood tides but not both, or
variations in actual abundance over both timescales.
Neither of these is very likely. Given the limited swim-
ming speeds of pelagic larval stages (e.g. 3 cm s–1 for
striped bass Morone saxatilis [Meng 1993] and 0.25 cm
s–1 for veligers of Crepidula fornicata [Hilbish et al.
1999]), Kingsford et al. (2002) argued that larvae must
control their exposure to currents by partial navigation
in order to control their distance and direction of dis-
persal. Such a mechanism may underlie the patterns
documented in the present study.

The vertical distribution of planktonic larvae of
Mytilus spp. within the Irish Sea was also highly
dependent on tidal conditions, with larval abundance
in different depth zones being strongly influenced by
water flow characteristics. During slack water in both
sampling periods, larvae were predominantly found
within the bottom depth zone, with minimum numbers
in the top and middle zones. It is not clear whether the
aggregation of larvae within the bottom zone is an
active or a passive process. It would certainly be con-
sistent with passive sinking, although gravitational
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Fig. 3. Mytilus spp. Variation in shell length of larvae col-
lected in May/June and July/August 2005. Larvae were ran-
domly subsampled (n = 15) from a set of 5 replicate samples
from each of 3 depth zones: top (0 to 8 m), middle (8 to 16 m)
and bottom (16 to 24 m), over 4 tidal states: Flood, Ebb, High
water and Low water. Middle lines of boxplots represent
medium lengths; hinge lines (end of box) represent 25%
quartiles from the median; whiskers represent 1.5 times 

the spread beyond the hinge

Table 2. Mytilus spp. Observed frequencies of early
(<210 µm) and late stage (>210 µm) larvae within each depth
zone during 4 tidal states, based on 15 individuals sampled
from each set of 5 replicate samples per depth per tidal state

Depth Tidal state
zone Flood Ebb High water Low water

Early stage
Top 29 24 30 24
Middle 27 25 30 25
Bottom 28 20 30 21

Late stage
Top 1 6 0 6
Middle 3 5 0 5
Bottom 2 10 0 9
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sinking rates were not investigated. However, the
stratification between the top and middle zones during
slack high water, with higher densities of individuals in
the top depth zone than in the middle depth zone, sug-
gests some active buoyancy control. Active buoyancy
control using mucus to control vertical position has
been shown in both adult (Martel & Chia 1991) and lar-
val (Nozais et al. 1997) stages of other organisms,
although the ability of larvae to control their depth
within a turbulent system is thought to be greatly lim-
ited (Roegner 2000). Larval stratification may result in
either wide-scale dispersal, with larvae within the top
water zone more susceptible to fast-moving surface
currents capable of dispersing larvae great distances
(Roegner 2000), or limited dispersal, with larvae within
the bottom water zones (closer to the seabed) sub-
jected to slower-moving bottom currents. 

Aggregation of Mytilus spp. in the bottom zone may
also increase substrate contact and facilitate settlement.
If aggregation in the bottom zone is a prelude to settle-
ment, one may expect larger larvae to be prevalent at
that depth. Comparisons of larval shell lengths within
each depth zone, however, indicated that larvae of dif-
ferent sizes were generally distributed similarly be-
tween the 3 depth zones regardless of tidal state. Ear-
lier work on larval distribution had suggested that
Mytilus spp. larvae exhibit ‘preference’ for surface wa-
ters during early veliger stages prior to descending into
deeper waters close to settlement (Dobretsov & Miron
2001). Little is known about the ability of early veliger
larvae to remain affixed to a substrate prior to  develop-
ment of the attachment apparatus. However, areas of
dynamic substrate have been shown to cause involun-
tary resuspension in clam and cockle larvae (Bouma et
al. 2001). The risk of resuspension is compounded if
both high turbulence and reduced substrate contact oc-
cur simultaneously, and therefore higher densities dur-
ing high flow periods are unsurprising. As a result, the
dispersal of larvae, especially during flood tides is likely
to occur over larger areas due to increased susceptibil-
ity to surface currents and wind-driven dispersal, with
larvae behaving passively during high flow conditions. 

Increased abundances in July/August correspond to
the reproductive development of local and regional
populations of Mytilus spp., with individuals typically
spawning in the western Irish Sea from early May to
late June (A. M. Knights unpubl. data). Shell length
measurements also showed that the variation in larval
size in May/June was small, as would be expected
shortly after initiation of spawning. The second sam-
pling period (July/August) occurred after all popula-
tions had completed spawning. The ‘trickling’ or non-
synchronous spawning contributions from multiple
local and regional populations (Cowen et al. 2000, Kin-
lan & Gaines 2003) which supply the larval pool may

account for the increased abundances from May/June
to July/August. The larger variation in shell lengths
during July/August would also indicate ‘trickle-
spawning’, with variations in local population syn-
chrony resulting in the simultaneous presence of small
and large veligers within the water column. In fact, dur-
ing the flood and slack high water periods few late
stage larvae were captured. In slack high water peri-
ods, late stage larvae may have settled onto the seabed
in an attempt to attach to a favourable substrate. During
the flood tides, the lack of late stage larvae is surprising
considering the increased abundances of larvae ob-
served during this tidal state and previous suggestions
of buoyancy control enabling transport during flood pe-
riods. It may be that, at this late stage, larvae are so
closely associated with the bottom that they are not
sampled, even when samples are collected within a few
metres of the substrate (Crimaldi et al. 2002). 

The influence of flow on larval settlement and motil-
ity has previously been investigated, primarily within
artificial mesocosm environments using velocities up
to 1 order of magnitude lower than those observed in
the southern Irish Sea (Butman et al. 1994, Metaxas
2001, Pernet et al. 2003). Such work has suggested that
Mytilus spp. larvae are unable to overcome flow rates
in excess of >40 l h–1, with larvae acting as passive par-
ticles and displaying reduced settlement success (Per-
net et al. 2003). The high tidal flow rates in the Irish
Sea were associated with less stratification of larvae
within the water column than in low flow tidal states.
In highly turbulent systems, tidal flow rate appears to
overcome any limited ability to control position within
the water column. An active movement toward the sur-
face may facilitate transport over greater spatial scales
(Roegner 2000). Stratification during ebb tides of
increased larval densities in the bottom depth zone
and decreased larval densities in the top zone would
reduce larval susceptibility to Eckman transport and
limit dispersal distance, thus allowing retention within
an environment (Roegner 2000, Crimaldi et al. 2002).

The present study has also shown increased densi-
ties of larvae in the water column during flood tides
and reduced densities during ebb tides. Simplistic
models that utilise such assumptions could over- or
underestimate dispersal distances, and predictions
based solely on water circulation are likely to be inac-
curate (Leis 2002). Although it is not clear whether lar-
val transfer from depth zone to depth zone is an active
or passive process, the results of this study demon-
strate that flow-related stratification does exist.
Regardless of the mechanism, it is likely to be influen-
tial in larval transport and population dynamics. The
assumption of passive larval drift (Roberts 1997) used
in many fishery assessment models is therefore poten-
tially misleading. 
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