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ABSTRACT  Although Myfilus californianus is & dominant intertidal species along most exposed rocky shores of the northwest coast
of North America and has been studied extensively, no direct observations of spawning by this species in the field have been reported.
This paper presents the first teport of synchronous spawning in the field by the mossel M. califarnianus. Two synchronous spawning
events were observed in Barkley Sound on the west coast of Vancouver Island, British Columbia, Canada. On both oecasions several
thousand snussels spawned profasely at low tide, leaving masses of gametes on their shells or concentrated in tidepools and surge
channels, In the 2002 spawning event 35% of the mussels spawned, for an estimated 54,000 spawning mussels, and fertilization rate
in a surge channe) was ~80%. Both spawning events, however, were highly localized, oceurring within 24-41m lengths of shoreline;
no mussels spawned along adjacent areas of the share. The timing of these 2 spawning events showed no consistent relationship with
tidal and lunar phases, seawater (smperature or cloud cover, and mussels in adjacent parts of the shoreline did not release gametes when
exposed to spawned matesial. Localized synchronous spawning might be common in M. californianus, involving a patchwork of
spawning events occurring intermittently over periods of a few months or throughout the year. This could provide the benefits of

synchronous spawning as well as the advantages of the continuous production of recruits,
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INTRODUCTION

Among aquatic organisms, the synchronous release of gametes
or larvae by many individuals of a population can provide in-
creased fitness (see review by Olive 1992) by enhancing fertiliza-
tion rates in broadcast spawners (Pennington 1985, Babcock
1995), taking advantage of hydrodynamic conditions that optimize
fertilization or dispersal (Pennington 1985, Olive 1992), reducing
larval mortality by predator satiation (Harrison et al. 1984, Slattery
et al. 1999), and synchronizing the timing of planktotrophic larval
development with that of algal blooms which the larvae use as
food (Starr et al. 1990). Knowledge of whether a species spawns
synchronously is therefore important in elucidating its population
dynamics. In addition, an understanding of how environmental
factors influence the timing of spawning can help predict future
spawning events or determine how changes in environmental con-
ditions can affect reproductive success (Minchin 1992, Olive 1992,
Watson et al. 2000), -

Synchronous spawning has most commonly been reported in
anthozoans (Harrison et al. 1984, Babcock et al. 1986, 1992,
Brazeau & Lasker 1989) and various echinoderms (Pearse et al.
1988, Babcock et al. 1992, Lamare & Stewart 1998) but also
occurs in other marine invertebrates such as bivalves (Babcock et
al. 1992, Minchin 1992, Grant & Creese 1995), gastropods (Couni-
han et al. 2001) and polychaetes (Caspers 1984, Hardege 1999,
Watson et al. 2000). Sightings of natural spawning, however, are
most often chance observations and, as a result, many species that
do spawn synchronously may simply not yet be known to do so.
This paper reports the first observations of synchronous spawning
by the mussel Mytilus californianus.

Mytilus californianus is a dominant intertidal species on ex-
posed rocky shores along the northwest coast of North America,
forming extensive mussel beds from British Columbia to Califor-
nia (Suchanek 1981). Studies based on gonad condition or Jabo-
ratory spawsting indicate that this species is capable of spawning
throughout the year (Young 1945, Kelly et al, 1982, Dittman &
Robles 1991) and that the peak spawning period in British Colum-

bia occurs in the summer (Kelly et al. 1982). A study of male
gonad development in M. cafifornianus in British Columbia con-
cluded that many individuals are trickle-spawners (Kelly et al.
1982). However, no direct observations of spawning by this spe-
cies in the field have been reported. This paper (1) reports 2
synchronous spawnings by Mytilus californianus, one in 1992 and
the other in 2002, (2} quantifies the spawning rate and fertilization
rate for the 2002 event, and {3) examines the relation of these 2
events with tidal, lunar, seawater temperature and cloud cover
conditions.

METHODS AND RESULTS

The 2 spawning events described herein occurred in Barkley
Sound on the west coast of Vancouver Island, British Columbia,
Canada, and were discovered while visiting the sites at low tide.
Tide levels for periods when the spawning events occurred were
obtained from the Canadian Hydrographic Service (1991, 2001)
tide tables. Surface seawater temperature data for Cape Beale
(48°47'20"N, 125°12'95"W) and Amphitrite Point (48°55'25"N,
125°32'50"W), for 1992 and 2002, were obtained from the Fish-
eries and Oceans Canada online database for BC lighthouses
(htp://www-sci.pac.dfo-mpo.ge.catosap/data/SearchTools/
Search! ighthouse_ehtm). Amphitrite Point data was used for
2002 because seawater temperature measurements at Cape Beale
ended in 1998.

1992 Spawning Event

The first spawning event was observed at Kirby Point
(4B°50'85"N, 125°21'40/W) on 22 June 1992. A large number of
mussels had spawned profusely and several tidepools were
clouded with sperm and lined with a coating of orange oocytes.
Mussels outside of tidepools had masses of gametes on their
shells near the siphons. Spawning was limited to a 24 m section
of shoreline in which the mussel bed ranged in width from 3.0 m
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to 14.5 m; the surface area within which spawning occurred was
~214 m?, No spawning mussels were found within 100 m on either
side of the spawning area. In addition, to determine if spawning
was stimulated by exposure to spawned material from other
mussels, 3-4 { of water from a tidepoo! with an abundance of
spawned material was transferred to each of 3 other small tide-
pools several metres away, in which no spawned material was
apparent. Each tidepoo!l contained 10-30 mussels. No spawning
was observed over the following 2 h in the 3 tidepools receiving
spawned material. This spawning event occurred at a time
when the tidal amplitude was modest (Fig. 1A), with the moon in
its tast quarter. The weather that morning was sunny, and sar-
face seawater temperature had been increasing for over 2 weeks
(Fig. 1B),

2002 Spawning Event

The second spawning event was observed during a collecting
trip to the intertidal zone at Cape Beale on the morning of 8 August
2002. Large nnmbers of emersed mussels were found with masses
of gametes at the margin of their shell near the siphons. The wa-
ter in several small tidepools as well as in a surge channel run-
ning parallel to the shoreline was yellowish-brown from the high
densities of gametes. This spawning event occurred during very
high amplitude tides (Fig. 2A) at pew moon. The weather that
moraing was overcast, and surface seawater temperature had
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Figure 1. Environmental conditions prior to and after the synchro-

nous spawning event of Mytilus californianus in 1992. The dashed
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Figure 2. Envivonmental conditions prior to and after the synchro-

nous spawning event of Myfilus californianus in 2002, The dashed

areas in each graph represent the time of the spawning event. (A) Tidal

heights and Junar phases; (B) surface seawater temperatures men-
sured at the Amphitrite Point lighthouse.

been relatively stable aver the 5d preceding the spawning event,
with a slight increase on the day of spawning (Fig. 2B). To further
characterise the event 4 sets of observations and measurements
were laken.

Mussel Densities and Propartion of Mussels that Spawned

To quantify mussel densities and the-proportion of mussels that
spawned, observations were made along 2 separate transects run-
ning paralle] to the shoreline within the mussel bed, Bach transect
consisted of five 25 x 25 cm quadrats set at | m intervals. In each
quadrat I counted the total number of visible mussels and the
number of mussels having spawned to determine the proportion of
mussels that had spawned. Spawned gametes, when present, were
located at the margin of the shell near the siphons or, when located
elsewhere on the shell, a shiny slime coating could be observed
running from the shell margia to the spawned material. Mussels
were not dislodged for these observations; if small juvenile mus-
sels were present deeper within the mussel bed they would not
have been detected. Mytilus californianus densities in individual
quadrats within the mussel bed ranged from 392 to 984 mussels
m~2 and averaged 678 mussels m~2 (Table 1), Although densities
varied among the 2 transects, the proportion of M. californianus
that had spawned was consistent, averaging ~35% in each transect.
No spawned material was present on low intertidal mussels that
were exposed to wave wash, but the abundant gametes in the
nearby water indicated that many of these had also spawned.
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TABLE 1.

Mytilus californianus. Densities and percent of mussels found to
have spawned at Cape Beale on 8 August 2002.

Mussel Density m™2 % Spawned
(=8D) #SD)
Transect 1 520.0+ 1196 33.0% 154
Transect 2 836.83 2 12245 36.1 4.8
Qverall 678.4£202.2 3451109
Smallest Spawning Mussel

The mussel bed was closely examined for 15 minutes to search
for and measure the smallest mussels with spawned material. The
smallest spawning mussel measured 28 mm shell length, which is
within the reported size range (25-30 mm) at which Mytilus cali-
Jornianus veaches maturity (Suchanek 1981). Several 30-50 mm
mussels had also spawned. Musse} sizes at that site ranged from
10.2 mm to 150,0 mm, with most mussels measuring 60 mm to 120
mm. Few were smaller than 30 mm. The spawning event thus
appears to have included all mussel sizes present in the bed.

Number of Mussels Spawning

Mussels with spawned gametes were found only along a 41 m
section of shoreline. The width of the mussel bed along that section
of shoreline ranged from 1.8 m to 14.2 m, for a surface area of the
bed where spawning occurred of ~231 m*. No spawning mussels
were found over 100 m on either side of the spawning area. Using
an average mussel density of 678.4 m™~2 and an average of 34.51%
of mussels spawning (Table 1), the total number of mussels spawn-
ing in this event is estimated at 54,080 individuals.

Oocyte and Egg Density and Percent Fertilization in a Surge Channel

The combined density of oocytes and eggs as well as percent
fertilization was determined by collecting a 60 ml sample of sea-
water from a surge charinel formed by a rocky outcrop running
paralle] to the shoreline. The swell entering the channel cansed
continuous and substantia) turbulence, thoroughly mixing the wa-
ter throughout the channel. Qocytes and eggs were counted in the
laboratory within five 0.1 ml subsamples. In addition, 1 estimated
the proportion of oocytes that had been fertilized from the propor-
tion that had undergone cleavage at ):15 PM the same day, ap-
proximately 5-10 h after they had been spawned. Combined oo-
cyte and egg density in the channel running parallel to the nussel
bed was 885 + 80.1 mI™’ (average = SD). Based on measurements
of length, width and depth of the channel, the volume of water in
the channel at the time the sample was taken was estimated to be
~60,800 1. Using 885 eggs m1™! as an estimate of density through-
out the channe), the water in that channel would have contained
~5.4 H 10'° cocytes and eggs. In the sample retumned to the Jabo-
ratory, 80.7 £ 12.3 % (average + SD) of these developed at least
to the 2-cell stage. Using 80.7% as an estimate of fertilization rate,
the channel would have contained ~4.3 x 10'° fertilized eggs. This
constitutes the output of only the lower part of the mussel bed, as
approximately two-thirds of the mussel bed was above the splash
zone at the time of sampling and the gametes produced by those
mussels were not suspended until later by the rising tide.

NETY
DISCUSSION

Localized Synchronous Spawning in Mytilus californianus

Myiilus californianus have the capacity to spawn at any time of
the year (Young 1945, Kelly et al. 1982, Smith & Strehlow 1083,
Dittman & Robles 1991). Tt has also been svggested, based on
observations of juvenile recruitment throughout the year, that M.
californianus spawns continually releasing small amounts of ga-
metes throughout the year (Suchanek 1981) and a study of gonad
condition in male mussels revealed that about half of the males are
probably ‘trickle’ spawners (Kelly et al. 1982). None of these
conclusions, however, are based on observations of spawning in
the field, Despite its widespread occurrence and ecological impor-
tance along the rocky shores of the northwest coast of North
America, there are no reports of M. californianus spawning in the
field. In the present study, more than 50,000 mussels spawned in
the 2002 event. Musse! densities were not quantified in 1992;
however, assuming an average density similar to that observed at
Cape Beale in 2002 of 678.4 mussels m™?, the total number of
mussels in that section of mussel bed would have been ~145,000
individuals. The number of mussels spawning in the 1992 event
was thus likely in the order of several thovsand. These findings
reveal that events in which large numbers of individuals spawn
synchronously do oceur in this spectes. This is the first report of
synchronous spawning in M. californianus and the ficst such report
for a species in the genus Mytilus.

The 80.7% fertilization rate observed during the 2002 spawning
event is consistent with the expectation that synchronous spawning
in a population favours high fertilization rates (Pennington 1985,
Olive 1992, Babcock 1995). This patticularly high fertidization
rate, however, was possibly due to the retention and continuous
mixing within the limited volume of the surge channel, as fertil-
ization rate should decrease with dilution of the gametes (Penning-
ton 1985, Levitan et al. 1992). Particularly intriguing, however, is
the fact that both spawning events were very localized. While a
high propostion of mussels in a given area of shoreline spawned,
mussels in adjoining areas of the shoreline did not, The boundary
between spawning and non-spawning areas of the mussel bed oc-
curred over 1-2 m, and there was no apparent physical difference
in the shoreline or in the size or health of the mussels between
areas with and without spawning mussels.

In addition, it is not clear why the mussels spawned at low tide;
why not release the gametes at high tide when fully submerged?
One might expect the viability of gametes released at low tide to
be decreased due to exposure to air and ultraviolet radiation. Given
the rarity of observations of spawning by Mytilus californianus in
the field, it may be that spawning usually takes place at high tide
and that low tide spawning events are rare occurrences.

Factors Influencing Spawning Synchrony

Several factors have been reported to induce or synchronize
spawning in marine jnveriebrates, including tidal and lunar phases
(Caspers 1984, Babcock et al. 1986, Slattery et al. 1999, Watson et
al. 2000), changes in seawater temperature (Minchin 1992), me-
chanical stimulation by water flow (Desfosiers & Dubé 1993) or
by wave action (Young 1945}, clement weather (Watson et al.
1986), and water-borne chemicals released by other spawning in-
dividuals (Young 1945, Atkinson & Atkinson 1992, Hardege
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1999) or by phytoplankton (Breese & Robinson 1981, Smith &
Strehlow 1983, Starr et al. 1990, Parsons et al. 1992). The present
study therefore documented tidal and lunar phases, seawater tem-
perature (measured 1-3 km from the spawning sites) and weather
(cloud cover) to determine if the 2 spawning events oceurred under
similar conditions. None of these factors, however, were the same
on both spawning events, Finally, water transterred from tidepools
with spawned gametes o tidepools in which mussels had not
spawned did not induce spawning, although it is possible that those
mussels had spawned ou previous days and thus were unable to
spawn that moming,

Ecological Significance of Synchronous Spawning by
Mytilus californianus

Observations of the two spawning events described herein were
serendipitous. 1 have frequently visited various rocky intertidal
sites colonized by Myiilus californianus in Barkley Sound over the
last 14 years but only observed mussels spawning on these 2
occasions. These observations nevettheless reveal that synchro-
nous spawning of several thousand M. californianus, and by as
muich as 35% of the individuals of a mussel bed, does oceur. It may
be that such events are not rare, but happen mostly at night or when

GOSSELIN

the mussels are submerged, and therefore spawning goes unto-
ticed. If localized synchronous spawning is common in M. cali-
Jornianus, reproduction in this species could involve a patchwork
of spawning events occuring intermittently over periods of a few
months or throughout the year, which would be consistent with
Suchanek's (1981} observations of recruitment throughout the year
on the northern coast of Washington State. This strategy would
allow the species to benefit from the advantages of synchronous
spawning as well as from the continued production of recruits
allowing the opportunistic colonization of habitats as they become
available, free space being a limiting resource on these exposed
rocky shores, made periodically available by disturbance events
such as storms and impacts by floating logs (Dayton 197 1, Paine
1974), : .

ACKNOWLEDGMENTS

Thanks to the director and staff of the Bamfield Marine Sci-
ences Centre for research facilities and support. Thanks to E, G,
Boulding, C. Robles and two anonymous reviewers for reading
and commenting on earlier versions of the manuscript and to Carla
Gibbons for assistance in the field. Financial support was provided
by an NSERC Discovery grant and by SAC grants from UCC to
LAG, and an NSERC USR Award to C. Gibbons.

LITERATURE CITED

Atkinson, S. & M. I. Atkinson. 1992. Detection of estradiol- 178 during a
mass coral spawn. Coral Reefs 11:33-35.

Babeock, R. 1995, Synchronous multispecific spawning on coral reefs:
potential for hybridization and roles of gamete recognition. Reprod.
Fertil. Dev. 7:943-950,

Babeock, R. C., G. D. Bull, P. L. Harrison, A. J. Heyward, I. K. Oliver, -

C.C. Wallace & B. L. Willis. 1986. Synchronous spawnings of 105
scleractinian coral species on the Great Barrier Reef, Mar. Biol, Y0:
379-394.

Babeeck, R., C. Mundy, J. Keesing & J. Oliver. 1992. Predictable and
unpredictable spawning events: in sity behavioural data from free-
spawning coral reef invertebrates, fnvertebr. Reprod. Dev, 22:213-228,

Brazeay, D, A. & H. R, Lasker. 1989, The reproductive cycle and spawn-
ing in a Caribbean Gorgonian. Biol. Bufl. 176:1-7.

Breese, W. P. & A. Robinson. 1981. Razor clams, Sifigua patula (Dixon):
gonadal development, induced spawning and larval rearing. Aquacul-
ture 22:27-33. i

Canadian Hydrographic Service. 1991, Canadian Tide and Current Tables
1992, Discovery Passage and West Coast of Vancouver Island. Ottawa:
Fisheries and Oceans Canada.

Canadian Hydrographic Service. 200]. Canadian Tide and Current Tables
2002. Discovery Passage and West Coast of Vancouver Island. Ottawa:
Fisheries and Oceans Canada.

Caspers, H. 1984. Spawning periodicity and habitat of the palolo worm
EBunice viridis (Polychaeta; Eunicidae) in the Samoan islands. Mar.
Biol. 79:229-236,

Counihan, R. T,, D. C. McNamara, D. C. Souter, B, 1. Jebreen, N. P. Pres-
ton, C. R, Johnson & B. M. Degnan. 200}. Pattern, syncheony and
predictability of spawning of the tropical abalone Haliotis asining from
Heron Reef. Australia Mar. Ecol, Prog. Ser. 213:193-202,

Dayton, P. X. 1971. Competition, disturbance and community organiza-
tion: the provision of and subsequent utilization of space in a rocky
intettidal community. Ecol. Monogr. 41:351-389.

Desrosiers, R. R, & F. Dubé. 1993. Flowing seawater as an inducer of
spawning in the sea scallop, Placopecten magelian leus (Gmelin, 1791).,
J. Shellfish Res. 12:263-265.

Dittmnn, D. & C. Robles. 1991, Effect of algal epiphytes on the mussel
Mytilus californianus, Ecology 72:286-296.

Grant, C. M. & R. Q. Creese. 1995. Reproductive cycle of the twatua—
Paphies subtriangulata in northeastern New Zealand. J. Shellfish Res.
14:287-292.

Harrison, P. L., R. C. Babcock, G. D. Bull, ]. K. Oliver, C. C. Wallace &
B. L. Willis. 1984, Mass spawning in tropical reef corals. Science 223:
1186-1189,

Hardege, J. D. 1999. Nereidid polychactes as model organisms for marine
chemical ecology. Hydrobiciogia 402:145-161,

Kelly, R. N., M.J. Ashwood-Smith & D.V, Ellis. }982. Duration and
timing of spermatogenesis in a stock of the mussel Mytitus califor-
nignus. J. Mar. Biol. Ass. UK 62:509-519,

Lamare, M. D. & B. G. Stewart. 1998. Mass spawning by the sea urchin
Evechinus chloroticus (Echinodermata; Echinoidea) in a New Zealand
fiord, Mar. Biol. 132:135-140.

Levitan, D.R., M. A, Sewell & F.S. Chia. 1992. How distribution and
abundance influence fertilization success in the sea urchin Strongylo-
centrous fransciscanus. Ecology 73:248-254,

Minchin, D. 1992. Multiple species, mass spawting events in an Irish sea
lough: the effect of temperature on spawning and recruitment of marine
invertebrates. Invertebr. Reprod. Dev. 22:229-238,

Olive, P. J. W. 1992. The adaptive significance of seasonal reproduction in
marine invertebrates: the importance of distinguishing between models.
Invertebr. Reprod. Dev, 22:165-174.

Paine, R. T. 1974, Intertidal community structure: experimentat studies on
the relationship between a dominant competitar and its principal preda-
tor. Qecologia 15:93-120.

Parsons, G.J., 8. M. C. Robinson, R. A. Chandler, L. A. Davidson, M.
Lanteigne & M. J, Dadswell. 1992, Intra-annual and lotig-term patterns
in the reproductive cycle of the glant scallops Placopecten magetiani-
cus (Bivalvia: Pectinidae) from Passamaquoddy Bay, New Brunswick,
Canada. Mar. Ecol. Prog. Ser, 80:203-214,

Pearse, J, 8., D. J. McClary, M. A. Sewell, W. C. Austin, A. Perezruzafa &
M. Byrne. 1988. Simultaneous spawning of 6 species of echinoderms
in Barkley Sound, British Columibia. /nt. J. Invertebr, Reprod. Dev.
14:279-288.

Pennington, J. T. 1985, The ecology of fertilization of echinoid eggs: the
consequences of sperm dilution, adult aggregation, and synchronous
spawning. Biol. Bull 169:417-430,




SYNCHRONOUS SPAWNING OF MYTILUS CALIFORNIANUS

ot

Slattery, M., G. A. Hines, J. Starmer & V. J. Pau). 1999, Chemical signals  Suchanek, T. H. 1981. The role of disturbance in the evolution of life

in gametogenesis, spawaing, and larval settlement and defence of the history strategies in the intertidal mussels Mytilus edulis and Mytilus
soft coral Sinularia polydactyla. Coral Reefs 18:75-84. californianus. Qecologia 50:143-152.
Smith, J. R. & D. R. Strehlow. 1983, Algal-induced spawning in the marine ~ Watson, G. J., M. E. Williams & M. G. Bentley. 2000. Can synchronous
mussel Mytilus califernianus. Int. J. Invertebr. Reprod. 6:129-133, spawning be predicted from environmental purameters? A case study of
Starr, M., J. H. Himmelman & J. €. Therriault. 1950, Direct coupling of the lngworm Arenicola marina. Mar. Biol. 136:1003-1017.

* marine invertebrate spawning with phytoplankton blooms. Science  Young, R. T. 1945, Stimfation of spawning in the mussel (Myrilus cali-
247:1071-1074, Jornianus). Ecolagy 26:58-69. '




