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ABSTRACT: Whether sperm limitation or sperm competition occurs during fertilization in the sea has
drawn increasing attention because of its importance in understanding population structure and
recruitment. Inferences have been based upon both artificial and natural studies of in situ fertilization
success, because natural gamete concentrations have been difficult to measure. Here, gamete con-
centrations and the timing of fertilization were examined during the tidal cycle in the fucoid alga
Fucus vesiculosus L. on the Maine coast at Pemaquid Point and in the Narraguagus River estuary.
Gamete concentrations were assessed by collecting samples from the water column throughout the
tidal cycle; sperm were identified by indirect immunofluorescence using a F. vesiculosus-selective
monoclonal antibody raised against sperm from a Maine population of this species. Eggs were
detected visually, and fertilization was assessed by the presence and position of a sperm pronucleus
within the egg. Gamete release occurred only on calmer days (Pemaquid Point) or calmer periods of
the tidal cycle (Narraguagus estuary), and sperm:egg ratios near the time of fertilization ranged from
10:1 to 70:1. Fertilization success was 100 % in both locations. Nearly all eggs were fertilized within a
1 h interval of the 6 to 7 h long high tide, 2 to 3 h after algae were covered by seawater. Gamete
release occurred at low tide after a prolonged period (3 wk) of stormy weather that inhibited gamete
release during high tide; this has implications for dispersal and interspecific hybridization. Archival
environmental data from the US National Oceanic and Atmospheric Administration (NOAA, 1982 to
2000) were used to predict the frequency of successful reproduction during high tide and the poten-
tial for gamete release at low tide. These studies demonstrate that sperm are not limiting to fertiliza-
tion in F. vesiculosus.
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INTRODUCTION

Fertilization directly affects recruitment; hence, pop-
ulation models of marine species and an understand-
ing of reproductive traits within and among species are
dependent upon predictions of fertilization success.
Recently there has been particular examination of
whether sperm limitation or sperm competition occurs
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in marine species with external fertilization (e.g.,
reviews by Levitan & Petersen 1995, Yund 2000). The
hydrodynamic conditions at gamete release are widely
regarded as determining whether sperm limitation
occurs (e.g., Pennington 1985, Denny & Shibata 1989,
Petersen 1991, Levitan et al. 1992, Oliver & Babcock
1992, Serrao et al. 1996). Most marine species use mul-
tiple cues including seasonality and lunar or semilunar
rhythms (e.g., Giese & Kanatani 1987, Brawley & John-
son 1992) to achieve synchronous maturation of sperm
and eggs, but less is known about the factors that
regulate gamete release on a fine temporal scale. Such
fine-scale synchrony of sperm and egg release is criti-
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cal to fertilization success, as demonstrated by low
success when animals spawn alone, spatially or tempo-
rally (e.g., Babcock & Mundy 1992, Babcock et al.
1994), or where adults of one sex are rarer than the
other (e.g., Lasker et al. 1996). Recent work on fucoid
algae has demonstrated that hydrodynamic conditions
are perceived by adults and that water motion
becomes the proximate, dominant determinant in
whether ripe gametes are released (Serrao et al. 1996,
Pearson et al. 1998). Remarkably, a change from calm
to turbulent conditions on a time scale of a few hours
will inhibit gamete release (Serrao et al. 1996, Pearson
& Brawley 1998).

The finding that natural fertilization success in
fucoid algae is close to 100 % (Brawley 1992, Pearson &
Brawley 1996, Serrao et al. 1996) is hypothesized to be
related to the sensitivity of adults to water motion,
because gamete release under calmer conditions
should prevent sperm dilution. Predictions of low fer-
tilization success in spawning invertebrates (e.g., Pen-
nington 1985, Levitan et al. 1992) were based upon
field experiments in which artificial spawning of adults
was part of the experimental design. This would by-
pass any natural responses that prevent gamete
release by adults under unfavorable conditions for fer-
tilization. Although data on natural fertilization suc-
cess are still sparse, fertilization success in an array of
other algae, vertebrates, and invertebrates with exter-
nal fertilization ranges from ca 80 to 100% on most
days (e.g., Petersen 1991, Babcock & Mundy 1992,
Oliver & Babcock 1992, Petersen et al. 1992, Sewell &
Levitan 1992, Babcock et al. 1994, Marconato &
Shapiro 1996, Grant et al. 1998, Kiflawi et al. 1998,
Engel et al. 1999). Lower fertilization success is found,
at least at times, in several other algae and inverte-
brates (Babcock et al. 1992, Kaczmarska & Dowe 1997,
Lasker et al. 1996, Coma & Lasker 1997).

Sperm competition seems more likely than sperm
limitation when fertilization approaches 100%, but
direct data on natural sperm:egg ratios and concentra-
tions are required to address this question. We report
such data here for the dioecious seaweed Fucus
vesiculosus, one of the most abundant species in north
Atlantic intertidal zones. Examination of gamete con-
centrations during the tidal cycle also permitted us to
determine how soon gamete release and fertilization
occur after algae are rehydrated by the incoming tide,
which has been a controversial subject (Fritsch 1945,
Brawley et al. 1999).

MATERIALS AND METHODS

Monoclonal antibodies. Murine monoclonal anti-
bodies with selectivity for Fucus vesiculosus sperm

were produced using the general methods of Jones et
al. (1988). The sperm preparation injected into the
mouse was prepared from F. vesiculosus sperm col-
lected from algae at Schoodic Point (ME, USA). The
sperm were fixed in 0.2% glutaraldehyde and 2%
paraformaldehyde in seawater, pH 7.8, for 1 h; pelleted
with a table top centrifuge (4°C) and washed 3% with
seawater to remove fixative; and kept under liquid
nitrogen until injected intra-peritoneally (IP) as a
whole sperm preparation into an 8 wk-old balb-c
mouse. The same antigen was injected IP 5 wk later
and intravenously after 1 more week. The spleen was
removed 4 d later, and fusions made between immune
spleen cells and NSO-myeloma cells as described by
Galfre & Milstein (1981). Tissue culture supernatants
of the resulting hybridomas were screened with ELISA
and indirect immunofluorescence as described by
Jones et al. (1988). The ELISA used fixed sperm of F.
vesiculosus (ME, USA, and Isle of Man, British Isles)
and F. serratus (GB) to develop monoclonal antibodies
that were selective for F. vesiculosus. Cell lines show-
ing selective binding to F. vesiculosus sperm were fur-
ther screened against sperm of F. serratus (GB) and
other fucoids from Maine (F. spiralis, F. vesiculosus,
F. evanescens, Ascophyllum nodosum) by indirect
immunofluorescent microscopy to select the most
promising clones. On this basis, monoclonal 144.6 (S.
H. Brawley) was selected for field studies of F. vesicu-
losus because it did not bind to sperm of A. nodosum or
F. evanescens, bound weakly to F. serratus and F. spi-
ralis, and did not bind to other components of the
plankton or cultures of other heterokont algae (see
‘Results’, Berndt 2000).

Sperm and egg quantification. Fixed field samples
were concentrated to 2.5 ml using the device described
by Miller & Scholin (1998), fitted with 1.2 pm Millipore
filters. Eggs in a 25 pl aliquot of each concentrate were
quantified with brightfield microscopy (100x). To
quantify sperm, indirect immunofluorescence was
used to distinguish sperm from other small flagellates.
Monoclonal 144.6 was used without dilution; 10 pl of
the primary antibody was placed over an air-dried
sample (10 pl of each concentrate per 8 mm diameter
well using coated slides, Electron Microscopy Sci-
ences, Ft. Washington, PA) and incubated for 30 min at
room temperature. Slides were gently washed 3% with
100 mM Tris-buffered saline (TBS), pH 7.5, and incu-
bated for 30 min in FITC-conjugated secondary anti-
body (sheep anti-mouse, Sigma Chemical Co., #F-
2657; 1:60 in TBS containing 1% nonfat dry milk).
Slides were washed gently 3x with TBS and mounted
for immunofluorescence using Vectashield mounting
medium (Vector Laboratories, CA) to inhibit photo-
bleaching. Sperm were quantified over the entire well
using a Nikon Optiphot-2 microscope (400%) with FITC
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filters. Values were extrapolated to cells ™! on the basis
of this quantification and grouped within 30 min col-
lection intervals to provide site values (mean + SE).
Triplicate 10 pl aliquots of 10 randomly selected sam-
ples were counted to evaluate error based upon evalu-
ation of a single 10 pl aliquot; counting error was found
to be <12%, and analysis proceeded with single
aliquots due to the large number of field samples (ca 80
d™!) that required screening.

Field sites and reproductive characteristics. Field
studies were conducted on the western side of
Pemaquid Point, ME (43°50'8" N, 69°30'29" W), and
in the Narraguagus River estuary (44°34'0"N,
69°53'50" W) ~1 km upstream from Milbridge, ME.
The sex ratio of Fucus vesiculosus at both sites is 1:1
(Serrao et al. 1999), as verified in the present studies.
One of the determinants in selection of these sites was
that each had abundant F vesiculosus compared to
other fucoid seaweeds. At this section of Pemaquid
Point, randomly placed 0.25 m? quadrats (n = 4 zone™})
found relative percent abundance of 16 + 8 (SE) % F.
vesiculosus and 8 + 3% of F. spiralis in the high inter-
tidal zone, 79 + 3% F. vesiculosus and 19 = 7% A.
nodosum (not reproductive during the study) in the
mid-intertidal zone, and 15 + 7% F. vesiculosus and 8 +
6% F. evanescens in the lower intertidal zone (see
Berndt 2000, for other site components, and Speransky
et al. 2000, for a site map). The density of reproduc-
tively mature F. vesiculosus in the mid-intertidal zone
where water samples were collected was 101 + 34
adults m~2 (n = 10 quadrats). The site in the Narragua-
gus represents the uppermost reach of F. vesiculosus in
the estuary. It is a rocky outcrop (ca 40 x 170 m) where
FE. vesiculosus is abundant (density of 115 + 19 adults
m~2, n = 4 quadrats); only rare, reproductively imma-
ture A. nodosum are found, and no other fucoids are
present. The closest F. spiralis and F. evanescens to this
site are 1 km away. Fucus vesiculosus is found
between Milbridge and the studied site in the Nar-
raguagus, but sand interrupts the fucoid populations in
the estuary, and the next closest outcrop with fucoids is
strongly dominated by A. nodosum (not reproductive
during our study) and is about 200 m closer to Mil-
bridge than the studied population.

Fucus vesiculosus releases gametes on semilunar
cycles centered around full and new moons on the
Maine coast (Serrao 1996). Receptacles (reproductive
tissue) develop at the tips of branches and release
antheridia (males), each containing 64 biflagellate
sperm, or oogonia (females), each containing 8 eggs
(Fritsch 1945). Sperm and eggs are released from
antheridia and oogonia shortly after expulsion from the
receptacle. Eggs secrete a pheromone that is a sperm-
attractant (Miller & Gassman 1978). There is no larval
stage, and the zygote secretes wall material and

attaches to surfaces 4 to 24 h post-fertilization (temper-
ature dependent). Samples were collected at the
Pemaquid site on 8 and 25 October 1999, 8, 9 and 24
November 1999, and 17 April 2000; samples were col-
lected from the Narraguagus site on 1 and 2 July 2000.
Estuarine algae are ripe in mid-summer to early fall,
whereas open-coast algae are reproductively mature
in fall to early winter and, following recovery from ice
damage, for a short time in the spring (Speransky et al.
1999).

A modified pump based upon Mundy et al. (1994)
was used to collect samples at Pemaquid Point and in
the Narraguagus estuary. Two pumping stations were
located about 40 m apart; each pump was a Flojet™
bilge pump (Flojet Co., CA) with flowspeed monitored
by a flow meter (Model 2221-S1005, Orange Research
Inc., Milford, CT) and controlled by a rheostat attached
to the portable 12 V battery used to power the pump
(Fig. 1a). Each pump was used in association with 3
collection sites, whose positions were selected along a
transect line in the mid-intertidal zone with random
numbers. Thus, 6 replicate areas were sampled on
each day. The distance between adjacent replicates
was 5 to 16 m (Fig. 1b). Clear, polypropylene (1.27 cm
i.d.) tubing (30 to 40 m long) was anchored to the
substratum with eye bolt anchors between each verti-
cal collection tube, which ended in a funnel (15 cm
above the substratum in the bed, covered by 2 x 2 cm
plastic mesh to prevent clogging), and the collection
and concentration cartridges (US Filter Inc polypropyl-
ene/styrene water filter cartridges, as # 4422K3 from
McMaster-Carr Supply Co., New Brunswick, NJ). The
core of the modified filter cartridge was a 2.5 cm (i.d.)
PVC pipe drilled to capacity with 1 cm (diameter) holes
and wrapped 2x with 1 pm Nitex (Small Parts Co.,
Miami Lakes, FL), which was sufficient to prevent pas-
sage of most sperm through the filter. Tests (n = 4) of
this pumping device and the immunofluorescence pro-
cedure with known concentrations of sperm (4.6 x 10*
to 8.9 x 10° sperm I'!) in seawater over flow speeds
from 0.2 to 4.0 1 min~! demonstrated an 80 % accuracy
in determination of sperm concentrations with the pro-
cedures used here. Samples were acquired from each
of the 6 collection areas site”! at 30 min intervals by
pumping water through the canisters for 5 min at 1.91
min~! and immediately fixing 120 ml of the retained
volume to a final concentration of 2% formaldehyde
(Electron Microscopy Sciences, Fort Washington, PA)
and 0.2% glutaraldehyde (Electron Microscopy Sci-
ences). Samples at each pump site were thus acquired
sequentially, requiring a total of about 25 min for each
collection cycle. The start of the collections was timed
by when each vertical tube went underwater with the
rising tide, so collection times within the 2 pump areas
were offset. Data are presented as a mean (SE) of n =6
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Fig. 1. (a) Apparatus used to collect gamete samples, modified from Mundy et al. (1994). The perforated and stoppered piece of
PVC pipe was wrapped 2x with 1 pm Nitex to retain gametes in the cartridge housing. (b) Samples were collected from 6
replicate areas that were located 30 to 40 m seaward of each pumping station in the mid-intertidal zone

collection sites per 30 min interval throughout the time
during which samples could be collected (funnels
underwater). During the first and last 30 min intervals
of the tidal cycle, n = 2 to 4 samples. The sampling
scheme used was advantageous in terms of its effective
continuous sampling of the water column during the
tidal cycle. Between collections, lines were cleared of
any residual sample from the previous time point by
pre-pumping for 1 min, pouring that sample out, and
rinsing the filter prior to collecting the new sample.
During the first and last collections in each tidal cycle,
the vertical lift capacity of the Flojet™ pump was
nearly exceeded, and a slower pumping speed had to
be used, which resulted in a smaller volume of sample
being collected. Both the field and laboratory pumping
and concentration procedures were tested on unfertil-
ized eggs to assure that these would not be ruptured
by the collection methods.

Environmental monitoring. Relative water motion
was determined at the Pemaquid Point site using 2
clod cards (Thompson & Glenn 1994) per collection site
to provide an average weight loss h™! during each tidal
cycle. At the Narraguagus, which was a predictably
calmer site, 2 current meters (Model 511, Marsh-
McBirney Inc., Frederick, MD) were deployed to mea-
sure current velocity. Photon flux density was mea-
sured in the air at an unshaded position on the shore
with a Skye quantum sensor (Model 385233, Skye

Instruments Ltd, Wales, UK) and underwater at the
Narraguagus at a position between the 6 collection
areas and at the height of the submerged fucoids with
an Underwater Quantum Sensor (Model LI-192SA, Li-
Cor, Inc., Lincoln, NE). Additional hourly data (1982 to
2000) for wind direction, wind speed, and wave height
(Buoy#44007, www.ndbc.noaa.gov/station_page.phtml?
station=44007; 22 km SE of Portland, ME, and 55 km
SW of Pemaquid Point) and percent possible daily sun-
shine for Portland (or Gray), ME (72 km WSW
of Pemaquid Point, http://205.156.54.206/er/gyx/
climate.shtml; Northeast Regional Climate Center
[nrcc@cornell.edu], Ithaca, NY, supplied 3 h ceiling
data) were obtained from the National Oceanic and
Atmospheric Administration (NOAA, USA). These
sites are near enough to our Pemaquid Point field site
to be of value in modelling long-term environmental
effects upon reproduction. The model developed in the
‘Discussion’ has a few small gaps where instrumenta-
tion failed on buoy 44007 (i.e., '?' in Table 4). The
model was applied to environmental data by averag-
ing each day's data (1982 to 2000) over the period of
the daytime high tide and determining whether that
day fell within either of the 2 mean bounding states of
the model. Salinity was measured during the tidal
cycles at the Narraguagus by analyzing samples (n = 2,
1 per pumping location) of water collected along with
gametes every 30 min using a Guildline 8410 A Por-
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tasal Salinometer (Ocean Science Int., Petersfield, UK).
Statistical analyses were performed using Systat v.9.0
(SPSS, Inc., Chicago, IL)

Timing and occurrence of fertilization. Pronuclear
position within each fixed egg (n = 25 eggs assayed per
concentrate [at all time points where this was possible])
was used to determine the time of fertilization as
described by Brawley (1992) and Pearson & Brawley
(1996); measurements were made only on eggs where
the sperm and egg pronuclei were in the same focal
plane. Appropriate calibration curves were con-
structed from laboratory fertilizations done at each of
the applicable temperatures (12°C in October; 8°C in
November) needed following successful collection of
gametes from the field. The presence of a sperm pronu-
cleus in an egg was used as a direct assay of fertiliza-
tion in all collected eggs, which were tranferred to
acetic ethanol (1:3) from each concentrated (aldehyde
fixative) sample following quantification, and stained
with Wittmann's stain (Wittmann 1965, Brawley 1992,
Pearson & Brawley 1996). Fertilized eggs still en-
veloped in the oogonial sheath, however, could not be
assayed with this technique because of the deeper
staining caused by primary aldehyde fixation. An indi-
rect estimate of fertilization of eggs within oogonia was
possible though, due to cell wall formation, which be-
gins at fertilization. Fertilized eggs within the oogo-
nium plasmolyzed in the fixative as a result of this
nascent cell wall, whereas unfertilized eggs did not.

RESULTS

The monoclonal antibodies developed for this work
strongly labeled the sperm of Fucus vesiculosus, espe-
cially the rows of ‘'hairs' (mastigonemes) along the
anterior flagellum, which appeared as a thick structure
because of this staining pattern (Fig. 2). The cell body
and the anterior flagellum of sperm of F. spiralis were
weakly stained; sperm of F. evanescens (Fig. 2c) and A.
nodosum (not shown) were unstained. All of the fucoid
sperm collected in the field were labeled in indirect
immunofluorescence as the sperm shown in Fig. 2a;
thus, our data pertain to F. vesiculosus.

Gamete release occurred on calmer days (Pemaquid,
Figs 3 to 5) or during calm periods (Narraguagus, Fig. 6)
of the tidal cycle. October 8 was a particularly calm day
(Fig. 3, Table 1). The 2 d when gamete release occurred
at Pemaquid (Fig. 3) were sunny (Table 1) with surface
photon flux densities (PFD) between 600 and 1200 pmol
photons m~2 s7! at the site during gamete release. No
gametes were present in any sample collected at Pe-
maquid on 25 October, 9 and 24 November or 17 April,
although receptacles contained mature gametes on
each of these days (i.e., that were not released). Two of

Fig. 2. Labeling of sperm of (a) Fucus vesiculosus, (b) F. spi-

ralis, and (c) F. evanescens (unlabelled) from the Maine shore

with monoclonal antibody 144.6 followed by FITC-anti-mouse

serum. Note the heavy labeling of the mastigonemes on the

anterior flagellum (arrow) in F. vesiculosus compared to
F. spiralis. Scale bar = 2 pm
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Fig. 3. Weight loss of clod cards (mean + SE) during the tidal

cycle at Pemaquid Point on dates (fall 1999; spring 2000)

when samples were taken from the water column. Star on bar
indicates that gamete release occurred on that date

these days (25 October, 17 April) were sunny, but not
calm (Fig. 3). Surface PFD was between 1600 and
1700 pmol photons m~2 s7! at the Narraguagus site dur-
ing gamete release, and between 100 and 200 pmol
photons m~2 57! (Fig. 6) at the level of the receptacles in
the submerged fucoid bed. A similar temporal pattern
of gamete release occurred in the Narraguagus on 1
July 2000 (data not shown) but gamete release was
barely detected due to the low numbers of sperm and
eggs that were released on that day.

Oogonia were collected from the water column at
Pemaquid on 8 October and 8 November ~30 min prior
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Fig. 4. Concentration (mean + SE) (a) of oogonia, (b) eggs, and
(c) sperm in water samples collected at 0.5 h intervals
throughout the tidal cycle at Pemaquid Point on 8 October
1999. The time of estimated high tide is marked (HT) with a
broken line. Time given on the x-axis represents the full
period during which algae were covered by seawater

to large numbers of eggs being present (Figs 4 & 5). A
small number of oogonia was collected as algae were
first covered by the tide on 8 November but ca 2 h (8
November) to 2.5 h (8 October) passed prior to any
substantial gamete release, which occurred close to
estimated high tide (Figs 4 & 5). Substantial numbers of
gametes remained in the water column for about 2 h
following initial gamete release. Gamete release at the
Narraguagus site (2 July 2000) also occurred following
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Fig. 5. Concentration (mean + SE) of (a) oogonia, (b) eggs, and

(c) sperm in water samples collected at 0.5 h intervals

throughout the tidal cycle at Pemaquid Point on 8 November
1999. HT and x-axis as in Fig. 4

~3 h of submergence and began as water velocity
diminished near slack high tide (Fig. 6). Salinity on 2
July 2000 was 7.9 + 0.5 psu (n = 2) initially, but rose to
17.6 + 2.6 psu (n = 2) within 30 min after algae were
covered, and was above 20 psu from 1 to 5 h of the tidal
cycle. The peak salinity of 28.6 + 0 psu (n = 2) occurred
when algae had been covered by the incoming tide for
2.5 h. Oogonia were collected at the Narraguagus only
in the first sample that contained gametes (near high
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Fig. 6. (a) Environmental parameters, and concentration
(mean + SE) of (b) eggs and (c) sperm in water samples
collected at 0.5 h intervals throughout the tidal cycle in the
Narraguagus River estuary on 2 July 2000. Water velocity
was measured with Marsh-McBirney current meters and
photon flux density underwater in the fucoid bed was mea-
sured with a Li-Cor Underwater Quantum Sensor. Salinity
was 218 psu between 09:30 and 16:00 h. HT and x-axis as
in Fig. 4

tide), whereas a few oogonia were collected in sequen-
tial samples at Pemaquid for nearly 2 h following their
first appearance.

Sperm and egg release was nearly simultaneous.
Large spatial variations in gamete concentrations were
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Fig. 7. Number of oogonia (pooled across replicates) on (a) 8

October and (b) 8 November 1999 at Pemaquid Point that

contained eggs that had been fertilized while still contained

within the oogonium, as indicated by the presence of a cell
wall around 1 to 8 of the eggs in each oogonium

found across the field sites for ca 0.5 to 1 h following
gamete release (note error bars, Figs 4 to 6). However,
concentrations of sperm, eggs, and oogonia decreased
steadily from the peak concentrations found near high
tide, as indicated by the significant negative relation-
ships between concentrations of sperm, eggs, or oogo-
nia, and the elapsed time following the peak mean
concentrations near high tide (Table 2). We monitored
the field site at Pemaquid Point carefully throughout
late September to mid-December 1999 and first ob-
served gamete release at low tide on 9 December 1999.
This followed 25 straight days of overcast and stormy
weather, including 24 November, when no gametes
were collected on a spring high tide.

Analysis of eggs from field samples demonstrated
100 = 0% fertilization success on 8 October, 8 Novem-
ber, and 2 July (1 July eggs were not analyzed due to
the small gamete release on this day). Sperm appeared
to fertilize some eggs while they were still partially
enveloped by the oogonial sheath (Fig. 7). No poly-
spermic eggs were observed at either the Pemaquid or
Narraguagus sites. Eggs were fertilized close to the
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Table 1. Environmental conditions at NOAA Buoy 44007
70°08'39" W) during sampling period at Pemaquid Point, ME (43°50'8" N,
69°30'29" W), and daily sunshine (% of possible) determined by the National

Weather Service (NOAA) for Portland, ME

(43°31'53"N, sperm competition occurs at fertiliza-
tion (reviewed by Levitan & Petersen
1995, Yund 2000); however, few direct

data on natural gamete concentrations

and sperm:egg ratios have been avail-

Date Avg wind direction  Avg wind Avg wave Daily able to answer this question (see
(° from N) speed (ms™) height (m) sunshine (%) !

Warner et al. [1995] and Marconato &
8 Oct 1999 312 (NW) 2.3 0.21 90 Shapiro [1996] for data for the reef
25 Oct 1999 280 (W) 6.1 0.80 86 fishes Thalassoma bifasciatum and
8 Nov 1999 322 (NW) 9.7 0.49 89 Sparisoma radians). The data pre-
9 Nov 1999 208 (SW) 3.2 0.29 4 . .
24 Nov 1999 148 (SE) 44 0.90 0 sented here directly confirm that
17 Apr 2000 025 (N) 8.1 1.05 77 sperm are not limiting to fertilization
“Gamete release occurred at Pemaquid Point (see ‘Results’) in F u.cus vesiculosus, as suggets.ted.by

the high levels of natural fertilization

Table 2. Regression analysis of concentrations of sperm, eggs, and oogonia with
elapsed time from the apparent peak abundance of each variable through the
end of the tidal cycle (or the time at which concentrations of the dependent

variable reached zero; see Figs 4 & 5)

found in fucoids (Brawley 1992, Pear-
son & Brawley 1996, Serrao et al. 1996,
this study) from a wide variety of
habitats and global localities. The
sperm:egg ratios found naturally in

the water column are interesting
Variable n  Intercept Slope r? F df P because such ratios (10:1 to 70:1) have

been documented in the laboratory to
OCtObe.rs be ones where high levels of mono-
Oogonia 25 435358  -369.43 040 15457 1,23 0.0007 ) et : :
Eggs 37 6603.46 -503.79 031 15673 1,35 0.0004 spermic fertilization occur in F. vesicu-
Sperm 41 28721.04 -2175.69 0.46 33.181 1,39 0.0000 losus (Brawley 1990, 1991). Poly-
November 8 spermy, which is lethal, has been
Oogonia 34 905.51 -76.12 0.31 14.366 1,32 0.0006 demonstrated to increase in fucoid
Eggs 44 759.59 -56.85 0.23 12872 1,42 0.0009 algae under brackish conditions
Sperm 39 3228.02 -25595 0.29 15.064 1,37 0.0004 (Brawley 1992, Serrdo et al. 1999),

time of their release from the receptacle (Fig. 8), as
inferred by the calibration made possible by sperm
pronuclear position in the egg. In collections made
near the time of initial gamete release during the tidal
cycle, the sperm pronucleus was found in the outer
cortex; in later collections, the sperm pronucleus was
deeper within the egg cytoplasm and was found adja-
cent to the egg pronucleus in the latest collections at
Pemaquid. A formal calibration of fertilization timing
on 2 July 2000 at the Narraguagus was not required
because eggs were collected only over a 1 h period at
any 1 site. The sperm pronucleus had migrated about 3
to 5 pm into the egg in collections made from 12:30 to
13:00 h. These eggs also had a thicker cell wall than
eggs collected between 12:00 and 12:30 h. The interval
during which fertilization occurred was a short portion
of the entire tidal cycle. Sperm:egg ratios at the time of
fertilization (site averages d°!) were ca 10:1 to 70:1
(Fig. 9) and decreased steeply later in the tidal cycle.

DISCUSSION

Recent studies on the reproductive ecology of marine
organisms have debated whether sperm limitation or

possibly because of failure of the
sodium-dependent fast block against polyspermy, but
in normal seawater the sperm:egg ratios documented
here should provide for both high fertilization success
and an absence of polyspermy. A number of other taxa
(see 'Introduction’) have high natural fertilization suc-
cess. This suggests that sperm competition is more
common than sperm limitation, and methodology simi-
lar to that applied here can be used in studies of other
organisms under natural conditions to further evaluate
this important point.

The mode by which gametes are collected from the
water column in studies such as these is important,
because a potentially severe artifact is fertilization of
eggs by sperm in the collection vessel or bag prior to
fixation. Our ability to determine when eggs were
fertilized eliminated this concern in this study. When
fertilization has just occurred, the sperm pronucleus is
found in the outer egg cytoplasm, adjacent to the
plasma membrane (Brawley & Quatrano 1979, Brawley
1992, Pearson & Brawley 1996). After ~10 min at the
temperatures and salinities experienced during this
work, the sperm pronucleus begins to migrate through
the egg cytoplasm toward the centrally located egg
pronucleus. Cell wall formation begins at fertilization.
An egg with a sperm pronucleus in the outer cortex
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collected at Pemaquid Point on (a) 8 October and (b) 9 November Time
1999. The x-axis gives the full period during which algae were

underwater. The solid line marks the time of peak oogonial release,
and the broken line is the time of estimated high tide at the site

could therefore have been fertilized in the water
column a few minutes before collection, or in the 1 to
6 min between its collection from the water column
and fixation of the concentrated sample. The first batch
of eggs collected from the water column had sperm in
the outer cortex and cell wall material was minimal;
however, at subsequent collection times, the sperm
pronucleus was found successively deeper in the eqgg,
which had a thickening cell wall, and calibration of the
time of fertilization showed that fertilization was occur-
ring within a very narrow period of the entire tidal
cycle. This eliminated the need to remove the first set
of egg collections from our analysis to control for a
possible collection artifact.

The short interval over which eggs were collected in
the Narraguagus estuary probably reflects the strong
current found with the outgoing tide, combined with

Fig. 9. Sperm:egg ratios throughout the tidal cycle at
Pemaquid Point on 8 October (a) and 9 November (b)
1999 and in the Narraguagus River estuary on 2 July
2000 (c); dates are when gamete release was
observed. The broken line represents estimated HT

the absence of any fucoid populations above the site
we sampled. The window during which gamete
release and fertilization can occur is much more lim-
ited during the estuarine tidal cycle, compared to calm
days on the outer coast, by the strong inward and out-
ward flow of the tide in the estuary. Release of gametes
from estuarine populations near slack high tide in
Fucus vesiculosus, as in F. ceranoides (Brawley 1992),
not only provides calm(er) conditions but also high
salinities. At the natural sperm:egg ratios determined
here, and salinities above 20 psu, no more than 2%
polyspermy is expected in F. vesiculosus based upon
laboratory studies (Brawley 1990). In contrast to stud-
ies of F. ceranoides (Brawley 1992), however, gamete
release by F. vesiculosus in the Narraguagus estuary
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does not appear to be tightly regulated by salinity,
because salinity rises rapidly and is >25 psu in this
estuary 1.5 h after algae are covered by the incoming
tide. Gamete release occurred much later in the tidal
cycle, and was temporally related to diminished water
velocity (Fig. 6). Salinity may be a more important fac-
tor in temporal regulation of gamete release in F.
vesiculosus at sites in larger estuaries where salinity
remains low for much of the tidal cycle; however, the
reproductive success of this species in the Baltic Sea at
3.9 to 6.5 psu is also notable (Serrao et al. 1996, 1999).

The general conditions under which gamete release
occurred during this study confirm previous findings
(Pearson & Brawley 1996, Serrao et al. 1996) that 2 con-
ditions are required for gamete release in fucoids: (1) a
sunny day and (2) calm conditions. This is due to the
relationship between photosynthetic metabolism and
gamete release (Pearson & Brawley 1998, Pearson et
al. 1998). Gamete release did not occur during high
tide at Pemaquid Point when either of these 2 condi-
tions was absent (Fig. 3, Table 1). We were surprised to
find gamete release on 8 November 1999 because con-
ditions were not ‘calm’, although waves were smaller
than on every other day we collected at Pemaquid
Point (authors' pers. obs., Fig. 3). Hydrodynamic condi-
tions were likely at ‘threshold’ for gamete release on 8
November (Fig. 3), but the sunny day supported photo-
synthesis and the wind direction (N) meant that the
area of shoreline we studied was more sheltered than
conditions at buoy 44007 (Table 1). Even mild
southerly winds usually produce levels of water motion
at the Pemaquid field site that should be inhibitory to
gamete release (M.L.B. & S.H.B. pers. obs.). For exam-
ple, the southerly wind on 9 November produced
waves and a relatively high weight loss from clod cards
at our field site (Fig. 3), but the wave height on that day
at buoy 44007 was similar to that of 8 October (NW
wind, Table 1) when conditions at our field site were
calm. A prediction of our work is that fucoids on differ-
ent sides of features such as Pemaquid Point would
sometimes reproduce on different days due to their
varying exposure, which can cause algae on one side
of a point on a given day to be sheltered, while strong
wave action is experienced by algae on the other side
of the point.

It may be years before a multivariate regression
model for fucoid gamete release can be derived for
exposed shores in the context of natural environmental
conditions. This is due to the difficulty in establishing
the threshold conditions that prevent gamete release
under natural conditions due to both equipment dam-
age on rough days and the small number of days with
irradiance and hydrodynamic conditions near to, but
below, the true threshold. As indicated by the preced-
ing discussion, however, we have adequate informa-

tion to establish a preliminary model (Table 3) based
on bounding conditions at buoy 44007 (i.e., wave
height, wind speed and direction) on sunny days that
should predict gamete release at our field site. Using
the mean conditions of 8 October (best) and 8 Novem-
ber (threshold) as mean bounding conditions, a prelim-
inary model for reproduction from 1982 to 2000
(Table 3) finds that days as calm as 8 October are rare.
September is the most favorable month, with a mean of
ca 5 d and a range of 1 to 11 possible days (Table 3) for
gamete release during September in different years
(single-factor ANOVA [mo], Fg,120 = 4.057, p = 0.001;
Tukey multiple comparison tests, p = 0.009 for Septem-
ber vs April [October vs April was not significant so no
other comparisons were made]). Note that buoy 44007
reports hourly means for the variables of interest, but
these will generally be of higher magnitude at the
buoy than at our more sheltered site at Pemaquid
Point, as discussed above. Thus, the sea on 8 October
1999 was smooth and mirror-like at our study site
(Force 0 on a Beaufort scale: White 1999, p. 249), but
small waves (mean wave height 0.21 m, Table 1) were
present at buoy 44007; 8 November 1999 had small
wavelets, some breaking (Force 3), at our study site but
larger waves were present offshore (mean wave height
0.49 m, Table 1).

Our field data and preliminary model suggest an
explanation for the conflicting observations (reviewed
by Brawley et al. 1999) of intertidal biologists as to
whether gamete release in fucoids occurs during high
tide or at low tide as receptacles desiccate. In the tidal
cycles we examined at Pemaquid Point and at the Nar-
raguagus, gamete release occurred following several
hours of reimmersion of adults, which fits our general
finding that a period of photosynthesis is required to
potentiate fucoid receptacles for gamete release (Pear-
son & Brawley 1996, Pearson et al. 1998). Nevertheless,
many intertidal biologists have observed the release of
gametes by fucoids at low tide (Brawley et al. 1999).
We believe that we can explain these conflicting obser-
vations with data from our Pemaquid Point field site in
1999, where gamete release at low tide (9 December)
was not observed until a prolonged period of stormy,
overcast weather had occurred. Our local monitoring
and reference to conditions at buoy 44007 suggest that
the last date favorable for gamete release at our field
site was 12 November 1999. Successive days during
the neap cycle were stormy, and this weather pattern
continued through the following spring tide series.
Gametangia mature in sequential batches every 2 wk
within the conceptacles of fucoid receptacles, and this
occurs on spring tides centered around full and new
moons in Fucus vesiculosus. We hypothesize that
release of gametangia at low tide begins when their
release near high tide has been inhibited for several
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Table 3. Model (I) and predictions (II) of model for Fucus vesiculosus gamete
release during the reproductive seasons® of 1982 to 2000 on the west side of

Pemaquid Point, ME

I. Model with 2 states (A and B) of mean conditions at nearby monitoring sta-
tions at Portland (National Weather Service, sunshine) and Buoy 44007, 22
km SE of Portland (National Data Buoy Center, all other conditions) that pre-
dict gamete release at field site. States are based on conditions at monitoring
stations on days of field work in 1999/2000 (see Table 1); wave height usually
lower at Pemaquid Point than stated bounding conditions at buoy 44007

Sunshine Wave Wind direc- Wind speed
(% possible®) height (m) tion (°) (ms™)
(A) Best days 75-100 <0.3 270 - 0 - 90 <2.0

(B) Other possible days 75-100 0.3-0.5 270 - 0 - 90 2.0-10.0

II. Predicted mean number of days (+SE) each mo (1982 to 2000°) for gamete
release by Fucus vesiculosus on west side of Pemaquid Point

Best days Other days  Monthly range (1982 to 2000) of all
possible days for gamete release
Mar 0.21 +0.10 2.53 +0.45 0-9
Apr? 0.29 +0.14 2.06 + 0.37 0-7
May* 0.11 +0.08 2.28 + 0.50 0-8
Sep 0.63 +0.16 4.00 + 0.56 1-11
Oct 0.37 £ 0.16 2.68 +0.38 0-9
Nov® 0.25+0.19 2.18 +0.31 0-7
Dec 0.06 + 0.06 1.72 £ 0.42 0-5

“Receptacles are mature from March to May and September to December on
the outer coast of Maine; reproduction in March to early April can only
occur in milder winters (e.g., 2000), when ice damage to receptacles is
reduced (Speransky et al. 1999)

"In parts of 1995 to 1997 where daily percent sunshine was not calculated by
the National Weather Service, 3 h averages of sky cover were used to deter-
mine sunny days on the basis of the NWS's determination of No Ceiling
(Clear)

“The model predicts the following total number of days (March to May + Sep-
tember to December) each year for gamete release: 24 (1982), 15 (1983, data
missing for November), 29 (1984), 23 (1985), 20 (1986), 18 (1987, data miss-
ing for April), 21 (1988), 21 (1989), 14 (1990), 20 (1991), 17 (1992), 14 (1993),

15 (1994), 16 (1995), 21 (1996), 23 (1997, data missing for November), 12

(1998), 18 (1999), 15 (2000, data missing for May)

n = 18 yr due to missing wave height data in 1 year

°n = 17 yr due to missing wave height data in 2 years

d

ronmental data predicts that many
years (Table 4) have periods of 1 mo or
more when gamete release at high
tide could not occur, which we hypo-
thesize will cause gamete release at
low tide. The model predicts that this
will be more common in May and late
fall than in September (Table 4),
which fits our personal observations
(1989 to 2000, S.H.B. pers. obs.) on the
Maine shore.

Another important consequence of
delayed gamete release due to stormy
conditions is the potential for hy-
bridization to occur between fucoid
species. Bolwell et al. (1977), Edwards
et al. (1997) and Edwards (1999) de-
monstrated that, when ripe receptacles
are stored in the laboratory for several
days prior to releasing gametes,
species-specific barriers breakdown
and hybrids can be produced. Our field
site was selected deliberately as a place
with little cover of other fucoids that
would be reproductive simultaneously
with Fucus vesiculosus, but many rocky
shores of the northern Atlantic have ap-
propriate tidal heights to permit devel-
opment of broad belts of F. spiralis, F.
vesiculosus, F. evanescens and/or F.
serratus on the same shore. A number
of spring tide series (1982 to 2000)
lacked even 1 d when gamete release
at high tide could have occurred, ac-
cording to our model (Table 4). Our
field work and inspection of archival
data predict that F. vesiculosus repro-
duces most effectively on portions of
the Maine shore similar to the western
side of Pemaquid Point from September
through mid-October, when most
spring tide series have at least 1 calm,
sunny day (Table 3). At other times, the

weeks by stormy weather and there are too many
mature gametangia in the conceptacle. Two semilunar
cycles of gamete maturation would have occurred
without release at high tide by 9 December 1999, given
that sunny, calm(er) conditions are required for gamete
release when algae are submerged. Whether substan-
tial fertilization occurs when gametes are released by
dioecious fucoids at low tide or whether most gametan-
gia are damaged deserves study because dispersal dis-
tance of zygotes could vary substantially under these
contrasting conditions (Brawley et al. 1999). Applying
our preliminary model (Table 3) to 1982 to 2000 envi-

potential for stormy weather to increase the incidence of
hybridization could be high, and we observed one such
period directly in 1999 (i.e., the second spring tide in
October).

The remarkable magnitude of zygote production by
fucoids on calm days near full and new moons may have
strong effects upon herbivores and detritivores in the
shallow coastal areas of the North Atlantic. These calmer
days are also available as potential foci for reproduction
by other intertidal and shallow subtidal organisms,
which should be considered as studies of sperm limita-
tion versus sperm competition in such taxa continue.
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Table 4. Intervals over spring tides (+4 d of full and new moons) where gamete release should have occurred on at least 1 daytime

high tide based on the model (Table 3). I = spring tide 1; II = spring tide 2; III = spring tide 3, which is rarely present; R = release

predicted; 0 = no release predicted; ? = environmental data incomplete for date; underline: release predicted to be absent
throughout indicated period (including neap tide[s])
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