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Abstract
Complex coastal currents control early-stage larval dispersal from intertidal populations, 
and late-stage settlement patterns, but are often poorly resolved in larval dispersal mod-
els. Generally, there is high uncertainty in the timing of larval spawning, which mark-
edly affects larval dispersal. In this study, we describe the physical parameters that induce 
spawning events in the blue mussel, Mytilus edulis, using a variation of the Condition 
Index (which relates the mass of meat to the mass of the shell) as a proxy. We developed a 
high-resolution Eulerian coastal hydrodynamic model, coupled with a Lagrangian particle 
tracking model, to quantify the potential dispersal of early-stage mussel larvae based on 
differing spawning dates obtained from field data. Our results showed that (1) the tim-
ings of larval spawning cannot be explained solely by ‘thermal shocks’ in the sea or air 
temperatures (i.e. fluctuations in temperature causing stress); (2) larger spawning events 
generally occurred during neap tides; (3) the simulated larval dispersal was largely but not 
always predicted by averaged current pathways (calculated over two weeks period); and 
(4) simulated self-recruitment was low at sites associated with strong tidal currents. These 
results have important implications for shellfisheries stock management and sustainability. 
Specific to this study, simulated mussels from shellfishery beds off North Wales dispersed 
more than 25 km in one week and so could feasibly contribute to the wider population 
throughout the northern part of the Irish Sea.

Keywords Particle tracking · Tide · Larval dispersal · Modelling · Condition Index · Blue 
mussels
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Introduction

Benthic marine organisms often spend their early life stages in the water column, where 
larvae are subjected to dispersal via ocean currents, mediated by species-specific bio-
logical traits. These biophysical interactions ultimately control population dynamics 
(i.e. connectivity and self-recruitment). Oscillatory tidal currents and persistent (baro-
clinic) density-driven flows, as well as coastal and wind-driven surface currents, have 
been shown to influence larval dispersal (e.g. Harnett et  al. 2007; Rhörs et  al. 2014). 
There is a lack of studies resolving the complexity of coastal currents on larval disper-
sal. The study by Dauhajre et  al. (2019) on particles dispersed from the east coast of 
the USA showed the importance of high-resolution models to resolve complex coastal 
currents. However, that study described deep coastal currents with an upwelling sys-
tem, which differs from relatively shallow, well-mixed environments such as those 
common in northwest Europe. The biological traits of larvae – the timing of spawning, 
their growth and metamorphosis rate, pelagic larval duration (PLD), vertical migration 
behaviour, mortality and settlement behaviour – will further influence their transport. 
These traits depend on individual fitness, food availability and temperature or salin-
ity gradients (Troost et  al. 2008; James et  al. 2019). The relative importance of these 
physical and biological parameters on larval dispersal, population connectivity and 
self-recruitment varies over tidal, seasonal, inter-annual and climatic time scales, but 
also varies geographically and for different species (Sheaves 2009; Nanninga & Beru-
men 2014; James et al. 2019). Even over scales of tens of kilometres, mussel larvae can 
experience significantly different ocean currents, which will influence their self-recruit-
ment and connectivity (Becker et al. 2007).

The blue mussel, Mytulis edulis Linnaeus (1758), is a sessile benthic bivalve, which 
can be found in the intertidal zone on any substratum providing a secure anchorage such 
as rocks, stones, gravels, shingles, shells, mud, coarse sands and artificial infrastructure 
(e.g. wind turbines). Mussel beds have an important role as ecosystem engineers since they 
increase habitat availability and heterogeneity (Van der Schatte et al. 2018). Despite their 
ecological importance, blue mussel aquaculture in Europe represents 550,000 tonnages 
produced per year. In the UK, shellfish aquaculture is dominated by blue mussels, which 
represent 95% of the production and 82% of the imputed value (Richardson 2016).

Mussel’s spawning strategy is based on several mass synchronised releases of gam-
etes from April to September, which maximises the reproductive success of the species 
(De Vooys 1999). The timing of spawning was previously studied using the Condition 
Index (CI), which calculates the ratio of shell weight to tissue weight (Filgueira et al. 
2013). It has been shown that a drop in the CI corresponds to a spawning event (Duinker 
et  al. 2008). Spawning events of Mytilus edulis depend on several environmental fac-
tors: air temperature, sea temperature, lunar tidal phase, geographic distribution, mussel 
size, age and conspecific spawning (Gardner & Skibinski 1990; Irisarri et  al. 2015). 
Chipperfield (1953) first showed that M. edulis spawned initially in late May, from six 
distinct sites within the Irish Sea with sea temperatures rising from 10 to 13 ℃. Studies 
in North America showed that larval spawning events for M. edulis occurred exclusively 
during spring tides (Newell et al. 1982). Younger mussels have a higher CI than older 
mussels, implying that it is important to investigate spawning in younger and older mus-
sels separately (Duinker et al. 2008). Laboratory experiments have revealed that mussel 
spawning is induced by thermal shock, characterised by a sudden increase in seawater 
temperature of approximately 10 ℃ (Hennebicq et al. 2013; Ompi & Svane 2018).
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After spawning, mussel larvae generally remain in the water column for 2–4 weeks, but 
can take up to 10 weeks to reach their final settlement, which is called the pelagic larvae 
duration (PLD) (Seed 1969). Once mussel larvae attach to a surface, they are known as 
spat, which will develop into adult mussels. The persistence of mussel beds depends on 
their self-recruitment of larvae and connectivity of larvae from surrounding mussel beds 
(Reaugh 2006; Commito et al. 2014). One of the largest mussel shellfisheries in the UK 
is in the northern part of the Irish Sea (Fig. 1B), where M. edulis have been successfully 
cultivated in the Menai Strait (North Wales) for over 50 years, due to the strong tidal cur-
rents through the Strait, which promote the flow of nutrients and water renewal (Ewins & 
Spencer 1967; Simpson et al. 2007). Mussel production here is based on bottom culture, 
which consists of harvesting wild spat that is re-laid in the area of interest for cultivation. 
The commercial viability of the Menai Strait depends on the collection of wild seeds from 
various locations in the Irish Sea and the English Channel; therefore, it is important to 
determine the location of wild seed beds for the Menai Strait shellfisheries (Demmer et al. 
2022). Also, it is of interest to understand the impact of ‘human-made’ mussel beds on the 
contribution of their mussel seed to the wider environment: connectivity with the harvest 
beds (self-recruitment), dispersal from the Menai Strait and connectivity with natural mus-
sel beds throughout the Irish Sea. It is assumed that mussel larvae disperse to the south of 
the Menai Strait, due to the persistent and strong southwest residual flow through the strait 
(Davies & Robins 2017). Therefore, they are thought to connect with wild mussel popula-
tions along the coasts of southwest Anglesey and the Llyn Peninsula rather than dispersing 
northwards through the Strait to the primary source of wild spat in the region (i.e., Liver-
pool Bay and Morecambe Bay).

Due to the large variability reported in the literature on mussel larvae spawning and 
dispersal patterns, and a lack of studies investigating larval dispersal in coastal regions, 
this paper addresses the following important scientific questions: (1) What are the principal 
factors influencing M. edulis gamete release? and (2) How do M. edulis larvae travel within 
well-mixed coastal environments with strong and varied tidal flows? The northern part of 
the Irish Sea offers an ideal opportunity to investigate these questions, being a shallow 
well-mixed coastal area with complex tides and coastal currents, widespread wild mussel 
beds and well-established shellfisheries. Field sampling over one year was undertaken to 
measure the Condition Index of mussels and environmental conditions to establish envi-
ronmental triggers for spawning. These results were used to parameterise coupled hydrody-
namic and particle tracking models to simulate larval dispersal in the coastal region – rep-
resenting the first model study of larval dispersal in the Irish Sea that resolves the coastal 
dynamics at high resolution (e.g. at spatial scales of 20 m).

Materials and methods

Study area

The Menai Strait is a seawater channel located between the island of Anglesey and the 
mainland of North Wales. It is approximately 25 km long from Fort Belan, in the south-
west, to Beaumaris in the northeast, where it re-connects with the Irish Sea. The channel 
has a mean width of 800 m, varying from 300 m (in the swellies area and at the southwest 
entrance) to 1200 m (e.g. near Caernarfon) (Kratzer et al. 2003). Water depths vary from 
2 m to a maximum of 25 m in the southwest of the swellies (Campbell et al. 1998) (Fig. 1). 
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Fig. 1  The model domain of the study region. (A) The hydrodynamic model with the unstructured grid 
resolution, the bathymetry (m), the tide gauge sites (squares) and ADCP velocity sites (triangles) used for 
model validation (magenta: validation by comparison of observed and simulated elevations and tidal analy-
sis; black: sites used for tidal analysis only; and green: site used for validation only on velocity). The insert 
map shows the region within the UK. (B) Details of the Menai Strait. Bathymetry contours and key towns/
areas are shown. Mussel beds are delimited by black dotted areas. Release sites for the particle tracking 
modelling are represented by purple square dots. Areas used to study particle distribution are delimited by 
dash-dotted lines and labelled from 1 to 6. The location where sea surface temperature data were collected 
is represented by a yellow star
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The sea bed is comprised of extensive intertidal mud flats and sandy banks; however, rocky 
and gravel areas are also found throughout the Strait, especially in the narrow and shallow 
centre (Campbell et al. 1998).

The tidal flows through the Menai Strait are strong and complex – driven by a semi-
diurnal tide propagating northwards through the Irish Sea. The tidal range at the northeast 
entrance is greater than at the southwest entrance: 7.8 m (springs) and 2.6 m (neaps) at 
Beaumaris, compared with 4.8  m (springs) and 1.5  m (neaps) at Fort Belan (Campbell 
et al. 1998; Fig. 2a,b). These tidal differences generate an asymmetrical tidal cycle with 
markedly stronger currents (by 10–15%) during the ebb phase (up to 2  m/s) (Campbell 
et al. 1998). This means that the tidal residual flow is directed south-westwards, transport-
ing approximately 30 ×  106  m3 of water over a spring-neap tidal cycle which generates a 
flushing time of approximately 2–3 days (Campbell et al. 1998). In the absence of wind, 
Davies and Robins (2017) simulated the tidally averaged volume transport to be approx-
imately 686  m3/s during springs and 334  m3/s during neaps. However, Simpson (1971) 
reported that a strong south-westerly wind may reverse the direction of the residual flow, 
especially during neap conditions. Consequently, the water column is generally well mixed 
and vertically homogeneous in temperature (maximum difference of 0.1 ℃ between the 
near surface and the near bottom) and salinity (32–34) (Rippeth et al. 2001).

Sampling and the Condition Index calculation

Mytilus edulis were sampled daily from the 23rd of March 2018 to the 28th of September 
2018, from the intertidal area of the commercial mussel bed located in the Menai Strait 
(53.235°N, − 4.130°W; Fig. 1). Mussels were collected and transported to the laboratory, 
then scrubbed to remove all epibionts (i.e. organism living on the surface of another organ-
ism) and drained before processing.

The Condition Index (CI) was calculated based on Duinker et al. (2008). The wet weight 
of the total meat (in g) was recorded; also, the length (in mm) and width (in mm) of the 
mussel shell were measured. Based on the methods used by Slabyj et al. (1978), mussels 
were separated into two distinct size classes: Sample_1: 45  mm < shell length < 60  mm 

Fig. 2  Details of the tides in the Menai Strait over a period of two weeks at three locations: Beaumaris, the 
Swellies and Fort Belan (see Fig. 1 for locations). (a) Time series of model simulation of the tidal range 
(m). (b) Time series of model simulated depth-averaged tidal flows (m/s)
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and 20  mm < shell width < 26  mm; and Sample_2: 55  mm < shell length < 65  mm and 
25 mm < shell width < 30 mm. Live mussels were placed in boiling water, then the cooked 
meat was separated from the shells before being dried and weighed separately to calculate 
the Condition Index (CI) (Duinker et al. 2008):

A sudden drop in Condition Index has been proven to correspond to spawning events 
in previous studies, which correlate gonad observations and CI variation, for several spe-
cies (fishes and bivalves mostly) and different locations (Massapina et al. 1999; Sahin et al. 
2006; Li et al. 2009; Ekokotu & Olele 2014). In this study, spawning events were not meas-
ured from gonad observations; however, we assumed that a drop in the CI of 2% or more 
corresponds with a potential spawning as observed by Duinker et  al. (2008) on Mytilus 
edulis. Environmental factors were analysed against the drop in the CI to investigate envi-
ronmental spawning triggers. The environmental factors considered were (1) sea surface 
temperature (SST); (2) air temperature (AT); (3) wind speed and direction; (4) the phase of 
the lunar cycle; and (5) water elevation (WE) at the mussel bed. To study the thermal shock 
impact on spawning events, several scenarios were tested and the correlation coefficient 
was measured (i.e. measure the strength of the relationship between the relative variation 
of thermal difference with CI) (Table 3): (1) Does a greater daily variation of SST or AT 
induce a spawning event? (tests ID 1 and 2, Table 3); (2) Does a greater variation of SST 
or AT between the day of spawning and the day before induce a spawning event? (tests ID 
3 and 4, Table 3); and (3) Does a greater difference between SST and AT on daily average 
value or maximum value or minimum value induce a spawning event? (tests ID 5, 6, 7 and 
8, Table 3). Sea surface temperatures were recorded every 10 min with a logger located 
near the mussel bed (53.241°N, − 4.126°W) deployed by Cefas (the logger did not record 
data from 26 March 2018 to 31 April 2018). Hourly wind data and AT were obtained from 
Valley, Anglesey (53.252°N, − 4.535°W) – the nearest synoptic meteorological station 
– downloaded from CEDA (https:// catal ogue. ceda. ac. uk). The lunar phase was recorded 
daily from https:// moonp hases. co. uk. Water elevation at the mussel bed was obtained from 
our validated model simulation (‘Hydrodynamic model’).

Hydrodynamic model

A hydrodynamic modelling approach using the Telemac system (V7p2, www. opent elemac. 
org) was applied to study M. edulis dispersal in the northern Irish Sea from spawning 
grounds in the Menai Strait. The depth-averaged Telemac-2D model is based on the shal-
low water approximation of the Navier–Stokes equations of momentum and continuity 
(Villaret et al. 2013). The finite-element numerical method is well suited to resolve com-
plex tidal flow in coastal areas (Villaret et al. 2013). Telemac-2D is also well suited for the 
area of interest as the water column remains well mixed in these energetic waters through-
out the year (Howarth 2005). Furthermore, high spatial resolution (~ 20 m) can be achieved 
with Telemac’s unstructured mesh configuration to sufficiently resolve coastal areas for 
larval transport, where structured 3D models would be computationally expensive and 
impractical over large domains and long periods required for simulating dispersal.

The mesh density, created with Blue Kenue™ grid generation software, varies from 
1000  m on the outer boundary in the Irish Sea to 100  m along the coast of Anglesey 
(Fig.  1A). Within the Menai Strait and adjacent coastline, the mesh density varies from 

CI =
cooked meat weight

whole live weight − shell weight
× 100

https://catalogue.ceda.ac.uk
https://moonphases.co.uk
http://www.opentelemac.org
http://www.opentelemac.org
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50 m at the approaches to the strait to 20 m in the interior to resolve accurately the com-
plex tidal currents around features such as islands and bridge piers (Fig. 1A). The unstruc-
tured grid comprises 187,295 nodes over an area of 10,000  km2. The grid was mapped onto 
bathymetric data comprising an assemblage of (1) multi-beam data collected during 2012 
(high resolution: ~ 5  m); (2) LiDAR data collected during 2013 (high resolution: ~ 2  m); 
and (3) Admiralty bathymetric data of the offshore regions at both ends of the Strait (inter-
polated onto a 200 m horizontal resolution grid) (Davies & Robins 2017). Constant coef-
ficient friction of 0.1 was implemented in Nikuradse’s law of bottom friction. Five tidal 
constituents forced the model at the open boundary using the TPXO7-v2 database: semi-
diurnal lunar  (M2) and solar  (S2), together with larger lunar elliptic  (N2), luni-solar diurnal 
 (K1) and principal lunar diurnal  (O1). The model was initially spun-up for one month (Feb-
ruary 2018). The model was then run for one month (March 2018), and the model outputs 
(e.g. depth-averaged velocity and water elevation) were stored every 30 min for subsequent 
processing as it was sufficient to resolve the flow fields (sensitivity tests data not shown).

Model validation

Surface elevations and depth-averaged velocities from the March 2018 simulation were 
compared against time series of sea levels from tide gauges (data from the British Oceano-
graphic Data Centre, BODC) and velocities from offshore moorings (data from Bangor 
University). For the water elevation comparison, two tide gauge sites were used within the 
study area: Holyhead and Llandudno. For the velocity comparison, five sites were used 
to compare magnitude (Fig. 1). Validation was achieved using the root mean square error 
(RMSE) and the normalised root mean square error (NRMSE in %) between the observa-
tions and model outputs:

where yi and ŷi represent respectively the ith value of observed and simulated data (for 
water depth in m and for velocity magnitude in m/s); ŷ

max
 and ŷ

min
 correspond to the maxi-

mum and minimum value of the simulated data.
In addition, tidal analysis was performed using the T-tide Matlab toolbox, in order to 

compare the primary semi-diurnal lunar tidal constituent  (M2) between the simulated and 
observed data (taken from Admiralty tidal stream atlas).

Particle tracking model simulations

A Lagrangian particle tracking model (PTM) was developed to predict the likely dis-
persal of M. edulis larvae from known mussel beds in the northern Irish Sea. Sim-
ulated depth-averaged velocities output from the hydrodynamic model were linearly 
interpolated from 30 to 5 min (computational limit) and used to drive the PTM. Six 
particle release sites were chosen: (1) where there are commercial mussel beds pre-
sent (Bangor); (2–3) non-commercial mussel beds (Plas Menai and Brynsiencyn); and 

RMSE =

�

∑n

i=1

�

yi − ŷi
�2

n

NRMSE =
RMSE

ŷ
max

− ŷ
min
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in regions of geographic interest: (4) the Swellies because of the strong and complex 
currents; (5) Plas Newydd because of its location at mid-channel; and (6) Aberme-
nai Point because since the location controls the southwest exit of the Strait (Fig. 1). 
Cohorts of 7000 larvae were released from each site scattered randomly within an area 
of 0.1  km2 (previously determined by sensitivity test on the size of the released patch; 
Demmer 2020). These values were developed through a model sensitivity test to cre-
ate the most efficient PTM in time whilst simulating sufficient particles to adequately 
capture the dispersal.

Particles were dispersed by advection and sub-grid-scale diffusion according to Proctor 
et al. (1994) and Ross and Sharples (2004):

with

where x and y are the coordinates along the absciss and ordinate (m), respectively; U and V 
are the corresponding velocities (m/s); Δt is the PTM timestep (s); A is a random number 
in the range [− 1,1]; r is the standard deviation of A cos(2�A) with a value of 1

√

6 ; and K 
is the coefficient diffusion with a value of 5  (m2/s). Particle positions were spatially bilin-
early interpolated for each iteration of the PTM (i.e. every 5 min) to accurately capture the 
evolving velocity field.

Due to the strong tidal currents in the region (up to 3 m/s), no active larval trans-
port was parameterised in the model as any vertical migration behaviour of the larvae 
would have minimal impact on their horizontal dispersal (Pernet et al. 2003). Also, no 
mortality was implemented as this would reduce the data size for the statistical analy-
sis, and because there is insufficient information on mortality rates during the larval 
phase (Horvath & Crane 2010). Furthermore, if particles were advected onto land, they 
were reflected back to their position in the previous model time step (North et al. 2008; 
Coscia et al. 2013). The particle tracking model does not take into account the bathym-
etry gradient as it is small compared to the velocities (Pearson & Barber, 1998). This 
study focuses on the first week of PLD to qualify and quantify the transport of particles 
away from the coastal spawning bed, e.g. dispersal within/through the Menai Strait and 
along the coastline of North Wales. In reality, the PLD of M. edulis varied from 2 to 
4 weeks, but it can take up to 10 weeks to reach the final settlement (Seed 1969). Each 
particle position was recorded every 30 min until the end of the simulation (one week).

Eight simulations were performed, with the release time shifted according to the 
tide. Four simulations started during spring tides when water elevation was (1) high 
water (HW); (2) low water (LW); (3) mid-water-ebb; and (4) mid-water-flood (Fig. 3). 
The same four scenarios were applied during neap tides. At the end of each simulation, 

x(it + 1, ip) = x(it, ip) + U ∗ Δt + x
dif fusivity

y(it + 1, ip) = y(it, ip) + V ∗ Δt + y
dif fusivity

x
dif fusivity

=
A

r
∗ cos(2�A) ∗

√

2KΔt

y
dif fusivity

=
A

r
∗ sin(2�A) ∗

√

2KΔt
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a total of 56,000 particles were present in the domain which represented 336,000 parti-
cles across all simulations (i.e. 6 release sites × 7000 particles × 8 release dates).

Analysis methods

The coast surrounding the release sites was divided into six areas, as presented in Fig. 1, 
to estimate the proportion of larvae within each area after one week depending on (1) the 
location of release and (2) the timing of release with respect to the tidal cycle. The effect of 
the tidal phase on particle dispersal was represented in three ways: (1) comparison of neap 
vs spring tides (four simulations per tide); (2) comparison of ebb vs flood tides releases 
(two simulations per tide); and (3) comparison of HW vs LW releases (two simulations per 
tide). All results are presented as density distribution maps, and differences between simu-
lated distributions > 60% were assumed to be significant. Finally, the tidal averaged cur-
rents and the difference of tidal averaged currents (over one week) were calculated between 
simulations starting during spring tide and simulations starting during neap tide to under-
stand the difference of distribution for the different tidal scenarios tested.

Results

Validation

Results showed NRMSE for water elevation was 4.8% which corresponds to 35  cm, on 
average for the two sites, with a higher difference during spring tide (approx. 50  cm) 
than during neap tide (approx. 25 cm) (Fig. 4 and Table 1). Velocity magnitude showed 

Fig. 3  Simulated time series of water elevation at Bangor showing the release time of particles (red dots) 
and end of the simulation (green dots)
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NRMSE results of 13.6% lower, on average, for five sites (Fig.  5 and Table  1). Results 
showed that NRMSE varied according to the site and the tidal cycle. We noticed a bet-
ter NRMSE at Conwy Bay during neap (− 0.025 m/s) tide than spring tide (− 0.05 m/s) 
(Fig. 5A,C), whereas at Rhydwyn, NRMSE is smaller during spring than neap (Fig. 5B,D). 
Tidal analysis showed a difference of 1% between simulated and observed data on average 
for six sites (Table 1).

Larval spawning times

The set of mussels with a smaller size (Sample_1), collected from the Bangor mussel bed 
during spring and summer of 2018, had a mean shell length of 50.9 mm and shell width of 
23.1 mm, while the set with a bigger size (Sample_2) had a mean shell length of 59.9 mm 
and width of 26.6 mm (Fig. 6). The observed difference between the sampled means was 
significant for both width and length, meaning that these two groups can be analysed 
independently.

The variation of the CI over the period of the study showed a correlation of 0.94 
between Sample_1 and Sample_2. Indeed, Fig. 6 shows that the CI followed three clear 
trends for both samples: (1) a decrease in the CI from the end of March to the start of 
May to reach minimum values of 17.28% (Sample_1) and 16.40% (Sample_2) (R2 = 0.37); 
(2) an increase in the CI from the start of May to the start of July with maximum values 
of 32.31% (Sample_1) and 27.33% (Sample_2) (R2 = 0.85); and (3) a decrease in the CI 
from July to the end of September (R2 = 0.35). Furthermore, the mean CI of Sample_1 was 
9.30% higher than Sample_2 over the period of study (Fig. 7). The CI variation through 
spring/summer positively correlated to the variation of SST (R2 = 0.80) (Fig. 7). The maxi-
mum temperature occurred during July with values of 18.57 ℃ (SST).

During the survey, the three largest drops in the CI for both sample sets occurred: (1) 
26–27 March (decreased by 4.21% for Sample_1 and 5.55% for Sample_2); (2) 22–23 
April (decreased by 3.28% for Sample_1 and 3.73% for Sample_2); (3) 20–21 September 
(decrease by 4.07% for Sample_1 and 3.40% for Sample_2) (Fig. 8 and Table 2). The three 

Fig. 4  Time series of surface elevation (m) in March 2015 during (1) neap tide at Holyhead (A) and Lla-
ndudno (B) and (2) spring tide at Holyhead (C) and Llandudno (D). Simulated data (blue solid line) and 
observed data (cross) are represented
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largest drops in the CI happened one or two days after an increase in SST (by 2.4 ℃ ± 0.2 
℃) and AT (by 2.18 ℃ ± 0.47 ℃) and when AT was lower than SST by 3 ℃, on the mean 
(Fig. 8; drops shown by black arrows).

Small drops of the CI were observed several times for each sample group, with ten 
of these events occurring: (A) for Sample_1: 5 April, 13 April, 1 May, 28 June, 11 July, 
24 August and 6 September; (B) for Sample_2: 31 March, 24 May, 12 June and 11 July 
(Fig.  8; drops shown by grey arrows). In most cases, these fluctuations happened when 
the difference between AT and SST was greater than 1 ℃, except for 12 June and 11 July, 
where the AT dropped by 1.62 ℃ and 2 ℃. Results also showed that for all small CI fluc-
tuations events, SST increased by 0.52 ℃ on the mean.

However, no significant correlation was observed between the thermal difference condi-
tions tested and the variation of CI. Indeed, results showed that the correlation coefficient 
(R2) is very low for all scenarios tested (Table 3).

The three biggest drops of the CI occurred when the lunar phase was in its third quarter 
(i.e. few days before neap tides, when the water elevation did not exceed 2.5 m above the 
mussel bed), whilst the smaller drops of the CI occurred when the lunar phase was close to 
the full moon or new moon (Fig. 9). No correlation was observed when the drop of the CI 
was compared with the wind data (strength and direction) (Fig. 9).

Larval dispersal

Results showed that 48% of the particles dispersed out of the Menai Strait within one week, 
on average for all simulations (e.g. release sites and tidal scenarios). As we expected, many 
of the particles (45%) exited from the south of the Strait (into area 1), due to the strong and 
persistent southwest tidal averaged current, on average for all sites and simulations. How-
ever, 3% of the particles dispersed north from the Strait into area 6, on average for all sites 
and simulations. The remaining 52% of the particles were retained within the Menai Strait 
within one week (39% in the Swellies (area 3), 7% in Plas Newydd (area 4), 5% in Caer-
narfon (area 2) and 1% in Bangor (area 5)), on average for all sites and simulations.

Fig. 5  Time series of velocity (m/s) in November 2015 during (1) neap tide at Conwy Bay (A) and Rhy-
dwyn (B) and (2) spring tide at Conwy Bay (C) and Rhydwyn (D). Simulated data (solid blue line) and 
observed data (dotted line) are represented
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Different larval dispersal patterns were observed depending on the six discrete 
release sites within the Strait, although a common result was that the mid-channel nar-
rowing (at the Swellies) acted as a trapping region (sink) for larvae dispersing north-
wards and southwards (73% of particles trapped) (Fig.  10). For particles released 
from the Bangor mussel bed, 8% exited towards the south while 12% exited towards 
the north (Figs. 10A and 11). For particles released from Abermenai Point, 94% exited 
from the south and no particles dispersed further north than the Swellies (Figs. 10F and 
11). Similar results were simulated for particles released from Brynsiencyn (72% 
exited the south) and < 0.5% dispersed north of the Swellies (Figs.  10E  and 11). For 
particles released from the Swellies, 68% remained in the same area within one week 
(Figs. 10B and 11). Similarly, 40% of the particles released from Plas Newydd and Plas 
Menai were trapped in the Swellies, while 2% exited from the north and 40% from the 
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Fig. 7  Evolution of (1) Condition Index for Sample_1 (in blue) and Sample_2 (in red) over spring/summer 
2018 and (2) sea surface temperature (SST) in black. The proportion of the curves in dashed line corre-
sponds to the period when data were not collected

Fig. 8  Variation of (1) Condition Index for Sample_1 (in blue) and Sample_2 (in red) over spring/sum-
mer 2018 and (2) difference between sea surface temperature (SST) and air temperature (AT) in black. The 
green, dashed and dotted line corresponds to the threshold drop in CI corresponding to a spawning event. 
Black arrows point to days of assumed massive spawning events (drop of CI > 2% and simultaneous for the 
two samples), and grey arrows point to days of assumed small spawning events (drop of CI > 2% but not 
simultaneous for the two samples)
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south (Figs. 10C,D and 11). For all the particles that exited from the north of the Strait 
after one week, approximately 55% were released from Bangor and 25% from the Swel-
lies (Fig. 10). On the other hand, release sites south of the Swellies (Abermenai Point, 
Brynsiencyn, Plas Menai and Plas Newydd) contributed to 90% of particles that exited 
the south of the Strait (Figs. 10 and 11). Releasing particles from Plas Newydd showed 
an equal distribution within areas 2, 3, 4 and 5 (~ 20% for each) and ~ 11% for areas 1 
and 6 (Figs. 10C and 11).

The simulations showed different particle dispersal patterns between the tidal phase 
within one week, although a clear correlation between the tidal phase and dispersal was 
not detected. Most of the particles that exited from the south of the Strait were released 
during neap ebb (74.6%), neap LW (52.7%), spring ebb (43.4%) and spring HW (59.1%) 
(Table 4 and Fig. 12A,D,E,G). When particles were released during neap flood (51.4%), 
neap HW (47%), spring flood (46.8%) and spring LW (52.5%), a majority of them were 
trapped in the Swellies (area 3) (Table 4 and Fig. 12B,C,F,H). For all release tidal peri-
ods simulated, the distribution was minimal near Bangor (area 5) (Table 4 and Fig. 12). 
Also, particles released during neap flood (5.7%), spring ebb (5.18%) and spring LW 
(6.4%) exited the Menai Strait from the north (area 6) (Table 4 and Fig. 12B,E,H).

The comparison between neap and spring tides showed no difference among areas 
except for Bangor (area 5) (Fig. 13A). Indeed, the spring tide release contributed to 81% 
of the particles found in the Bangor area after one week. Furthermore, Fig. 12 shows 
that when particles were released during neap tide, they were found further south, along 
the Llyn peninsula (area 1). Equal proportions of particles released during ebb or flood 

Table 2  Biggest drop of CI with the corresponding (1) date, (2) CI variation in % for both samples, (3) SST 
difference between the day of spawning and the day before, (4) AT difference between the day of spawning 
and the day before and (5) difference between AT and SST in ℃

Spawning 
events

Date CI variation (%) SST varia-
tion (℃)

AT variation (℃) AT–SST (℃)

Sample 1 Sample 2

1 26/27 March  − 4.21  − 5.55 0.26 2.00  − 3.49
2 22/23 April  − 3.28  − 3.73 N/A 2.75 N/A
3 20/21 September  − 4.07  − 3.40 0.22 1.80  − 2.56

Table 3  Correlation between 
thermal difference tested against 
Condition Index variation with 
(1) sea surface temperature 
(SST), (2) air temperature (AT) 
and (3) spawning day (SD)

Test ID Thermal shock tested Correlation coefficient

Sample 1 Sample 2

1 SST(max) –  SST(min) 3.10–2 1.10–2
2 AT(max) –  AT(min) 2.10–2 2.10–2
3 SST(max, day-1) –  SST(min, day) 3.10–4 2.10–3
4 AT(max, day-1) –  AT(min, day) 5.10–5 8.10–4
5 SST(average) –  AT(average) 1.10–2 4.10–5
6 SST(max) –  AT(max) 9.10–3 2.10–2
7 SST(min) –  AT(min) 3.10–3 4.10–3
8 SST(min) –  AT(max) 2.10–2 1.10–2
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tides dispersed to Plas Newydd and Bangor (areas 3 and 5) (Fig. 13B). However, parti-
cles released during ebb tide were more likely to exit from the south of the Strait (65%) 
than particles released during a flood (Fig. 13B). Particles released during HW or LW 
showed no significant difference in dispersal patterns (Fig. 13C). Particles released at 
LW contributed mostly (65% ± 5%) to the particles found in areas 3, 5 and 6 (Fig. 13C).

Discussion

Larval spawning time

Blue mussel larval spawning events have been inferred from sharp drops in their Condition 
Index (CI) (Duinker et al. 2008). By applying this assumption for this study, observations 
of CI from Irish Sea (Menai Strait) mussels indicated that there were multiple spawning 
events throughout the spring and summer of 2018. The first major event occurred at the 
end of March, which is considered relatively early, when sea surface temperatures were 
about 9 ℃ but with a sharp rise in air temperature reaching 25 ℃ for 2 days – potentially 
inducing this earlier spawning. Subsequent major spawning events occurred in late April 

Fig. 9  Evolution of (A) lunar phase in % with full moon represented by 100% and new moon represented 
by 0%, (B) water elevation in m and (C) wind strength and direction by arrows. Red dots represent the 
assumed massive spawning events, and yellow dots represent the assumed small spawning events
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and late September, which coincide with the spawning period observed previously (Chip-
perfield 1953; Duinker et al. 2008).

In nature, mussels in the intertidal area can be subjected to a thermal shock if 
the difference between air temperature (AT) and sea surface temperature (SST) 
exceeds a particular threshold. The observations here revealed here several occa-
sions when the SST was ~ 2.5 ℃ higher than the AT. However, no strong correlation 
was made in this study between the major drops in CI and a range of observed AT/

Fig. 10  Density distribution of mussel larvae after one week with released area represented by a blue dot: 
(A) Bangor mussel bed, (B) the Swellies, (C) Plas Newydd, (D) Plas Menai, (E) Brynsiencyn and (F) Aber-
menai point
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Fig. 11  Particles distribution in % for 6 areas of interest depending on the release site. The areas of inter-
est are (1) south of the Menai Strait, (2) Caernarfon, (3) Plas Newydd, (4) the Swellies, (5) Bangor and (6) 
north of the Menai Strait. The sites of released are represented in (1) black for Bangor mussel bed, (2) light 
black for the Swellies, (3) dark grey for Plas Newydd, (4) medium grey for Plas Menai, (5) light grey for 
Brynsiencyn and (6) white for Abermenai point

Table 4  Particles distribution in 
% for the 6 areas depending on 
the release tidal period

The areas of interest are (1) south of the Menai Strait, (2) Caernarfon, 
(3) Plas Newydd, (4) the Swellies, (5) Bangor and (6) north of the 
Menai Strait. The highest values are represented in orange; the lowest 
values are represented in blue; the mean values are represented in red

Areas

Release tide 1 2 3 4 5 6

Neap ebb 74.61 3.29 3.49 17.91 0.15 0.55
Neap flood 31.83 3.04 7.61 51.41 0.38 5.73
Neap HW 36 7.38 5.78 47.04 0.38 3.42
Neap LW 52.67 3.54 10.71 29.89 0.24 2.95
Spring ebb 43.4 4.1 13.11 32.43 1.78 5.18
Spring flood 32.37 8.28 7.19 46.79 1.6 3.77
Spring HW 59.1 4.92 3.28 31.41 0.52 0.77
Spring LW 27.55 5.92 6.48 52.52 1.13 6.4
Mean 44.69 5.06 7.21 38.68 0.77 3.6
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Fig. 12  Density distribution of mussel larvae after one week depending on the tidal phase during particle 
release (A) neap ebb, (B) neap flood, (C) neap HW, (D) neap LW, (E) spring ebb, (F) spring flood, (G) 
spring HW and (H) spring LW
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Fig. 13  Particle distribution in % for 6 areas of interest depending on the release tide. The areas of inter-
est are (1) south of the Menai Strait, (2) Caernarfon, (3) Plas Newydd, (4) the Swellies, (5) Bangor and (6) 
north of the Menai Strait. Particles were released at (A) spring tide in grey and neap tide in black, (B) flood 
tide in grey and ebb tide in black and (C) LW in grey and HW in black
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SST thermal ‘shock’ thresholds, which is contrary to other studies (Duinker et  al. 
2008). Larval spawning has previously been described by Doherty et al. (2009) on 
a monthly scale which showed a massive drop between March to May. However, no 
information is given on the possibility of several spawning events. Here, the study 
analyses the CI on daily observations showing that the monthly drop of CI is the 
consequence of consecutive spawning of different intensities with trickle spawning 
events in between larger events.

The Condition Index of the samples showed the same three clear trends which we 
suggest can be explained as follows: (1) During March to May, the reduction in the CI 
was assumed to be the consequence of two main spawning events on 26 March and 22 
April. (2) An increase in the CI from May to July can be explained by the presence of 
a phytoplankton bloom, which would increase the availability of food as M. edulis feed 
on phytoplankton to build their own biomass (Gowen et  al. 1995; Gowen & Stewart 
2005; Fernandez et al. 2015). (3) A decrease in CI from the end of July to September 
is due to the decrease in food availability and successive spawning events (Gowen & 
Stewart 2005).

As mussels were collected from a single intertidal mussel bed, the impact of envi-
ronmental parameters (e.g. air temperature, lunar phase, sea surface temperature, food 
availability and geographic distribution), which influence the mussel growth rate 
(Bergstrom & Lindegarth 2016) were the same for the small (Sample_1) and large 
(Sample_2) mussel groups analysed. Therefore, the relative mean size of each sam-
ple gave an indication of their relative ages, with mussels from Sample_1 being con-
sidered younger (because they were smaller) than those from Sample_2. The results 
showed that the sample-averaged CI was consistently higher for the younger mussel 
by almost 10%. Similar observations were made previously for M. edulis (Slabyj et al. 
1978; Dare & Edwards 1975 and Sprung 1984). However, the difference between the 
samples in the Menai Strait was greater (almost 10%) than observed in Norway (5%) 
by Duinker et al. (2008). The difference in temperature of the water between Norway 
and North Wales and its impacts on food availability for M. edulis could explain this 
result (Smaal & van Stralen 1990).

In the Menai Strait, the results showed that the main Ci drop (spawning) events 
occurred during the third-quarter lunar phase, approaching neap tides, contrary to the 
result from Newell et al. (1982), who observed spawning during spring tides in North 
America. In North Wales, spring low water always occurs approximately during mid-
morning (06:00) and late-afternoon (18:00), whereas neap low water occurs during 
midday and midnight. During neap tides, therefore, intertidal mussels are exposed to 
minimal (midnight) and maximal (midday) air temperatures each day. Yet, as stated 
above, no strong correlation was made between CI and daily thermal difference. Fur-
ther investigations should be conducted on the hydrostatic pressure, which might cause 
stress on the feeding rate, for example, and so influence spawning (Battle 1931; Famme 
et al. 1986). Holt and Proctor (2003) showed that wind influences AT and SST in the 
Irish Sea; however, we found no strong correlation between the wind direction and 
strength of CI drops. Hence, our study suggests that spawning events of mussels in the 
Irish Sea are the results of more complex interactions between the organisms and their 
environment than solely a thermal shock, as seen in laboratory experiments. Further 
studies should work on the impact of food availability on mussel spawning events as it 
has been previously shown that the quality and abundance of phytoplankton can influ-
ence spawning patterns (Ram et al. 1996).
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Larval dispersal

Considering all the PTM simulations performed, 95% of the particles released within the 
Menai Strait either remained within the channel or travelled south during their initial week, 
with only 5% remaining in the northern part of the Strait. These results are consistent with 
the literature, which confirmed a persistent southwest residual current through the Strait 
(Simpson et al. 2007; Davies & Robins 2017). For the particles that remained within the 
Menai Strait after one week (52%), the majority of them (39%) were trapped in the nar-
row/shallow mid-section known as the Swellies. Furthermore, 68% of particles released 
from the Swellies remained there. These results are different from those presented by 
Harvey (1968), whereby drifters located in the Swellies after one week represented 1.7% 
of all the drifters released. However, the comparison was not exactly as the drifters were 
released from different locations and during different dates. Nevertheless, the PTM may 
over-predict particle retention within this narrow (width of 250  m) part of the channel. 
Indeed, Demmer et  al. (2022) showed that particles, simulated over a longer period and 
including other parameters (such as wind), do not get trapped in the Swellies. Although 
the model was configured to maximise the spatial and temporal resolution of the flow field 
through the Swellies (PTM timestep of 5 min and 20 m mesh) whilst being computation-
ally practical.

It has been shown that larvae can travel within an area < 100  km along the coast of 
South Africa and can be found up to 10 km offshore within a week due to the Agulhas 
current (Weidberg et al. 2015). However, here, we show that larval transport along a topo-
graphically complex/undulating coast can drastically reduce their dispersal potential. For 
example, larval tended to travel < 15 km in our study, even though the tidal currents were 
often strong (> 1 m/s). The Swellies is a topographically constricted region that acts as a 
potential barrier to connectivity between the mussel beds located in the south and the north 
of the Menai Strait. Harvey (1968) made the same observations with drifters released at 
the south entrance of the Menai Strait. Despite the SW residual current, particles can travel 
north in the Menai Strait over one week. This phenomenon could be caused by strong 
southwest winds that reverse the surface flow (Simpson 1971) or by the transverse flow on 
the ebb tide trapping particles close to the banks of the channel (Robins et al. 2012). The 
results of this study suggested that approximately 10% of particles released from the Ban-
gor mussel bed reached both the north and south ends of the Menai Strait. These results are 
correlated somewhat with Harvey (1968), in which approximately 10% and 3% of drifters 
released from Bangor were found at both south and north ends.

Particles released during neap and spring tide showed no significant difference in their 
dispersal after one week, although the spring tidal averaged current was 10% larger than 
the neap. However, in the northern section of the channel, the spring tidal averaged current 
direction differed markedly from that during neap tide release (Fig. 14). This difference 
caused the particles during spring tide to remain in this area by pushing them towards 
the coast. Larvae were simulated to travel further south when released during neap tides 
(Fig. 10), despite stronger spring flows. However, the ebb tidal averaged current was higher 
during neap than spring tides at the southern end of the channel (Fig. 14). A previous study 
performed by Campbell et al. (1998) showed that the ebb flow southwards was 10 to 15% 
stronger than the flood flow northwards in the southern channel. The results above con-
firmed this when 65% of the particles found in the southern part of the Menai Strait came 
from a release during neap tides. For the particles released from the Bangor mussel bed 
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during the flood tide, they had more chance of exiting the channel from the north than the 
south. The same predictions were made for simulations releasing particles at HW and LW.

Conclusion

Blue mussel Mytilus edulis shellfisheries rely on wild spat collection; however, wild 
spat distributions depend on the timing of larval spawning within the connected meta-
population and the larval dispersal potential that is contingent on interacting biophysi-
cal parameters. Being able to predict the spawning events could potentially help mus-
sel producers to plan their mussel seed harvesting strategy (e.g. between three and six 
weeks after spawning) and hence save costs. This study highlighted that (1) spawning 
events occurred several times during spring and summer 2018, which improves our 
knowledge of the timing and frequency of the blue mussel in the northern part of the 
Irish Sea; (2) based on model simulations parameterised with the above spawning infor-
mation from the fieldwork, it is possible to predict the likely dispersal patterns of mus-
sel larvae from the Menai Strait. We did this for the year 2018, showing a majority 
southwards dispersal through the channel (driven by tidal asymmetric and therefore an 
expected pattern during other years). As mussels from commercial beds in the Menai 
Strait seem to disperse away from their native bed, further investigations should be car-
ried out to study the contribution to a wider population within the northern Irish Sea 

Fig. 14  Difference of the tidal averaged currents between simulations starting during spring tide and simu-
lations starting during neap tide. Results present the difference for (A) V component in m/s, (B) U compo-
nent in m/s, (C) direction in degrees and (D) magnitude in m/s. Warm colours (red to yellow) show a posi-
tive difference when spring is higher than neap. Green colours show when both tidal averaged currents are 
equal. Cold colours (light to dark blue) show when neap is higher than spring
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over a larval period of several weeks. This fieldwork and modelling results combined 
give further insight for shellfisheries aquaculture to collect wild spat and open a possi-
bility to use new methods of harvest (like offshore ropes, for example, instead of actual 
dredging) to minimise the environmental impact of human activities on coastal habitat.
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