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Abstract.  We investigated the environmental factors providing signals for gamete re-
lease in fucoid algae, with a particular focus on the inhibitory effect of water motion. The
release of gametes by Fucus distichus occurred in still water under high light and was
associated with the depletion of dissolved inorganic carbon (DIC) in tide pools isolated
from the ocean during daytime low tides. Diurnal patterns of gamete rclease that lasted for
2-3 d, as in natural populations, were found in receptacles cultured in a 12 h light: 12 h
dark photoperiod under calm conditions or in a simulated tidal regime. Constant light
disrupted the diurnal component of release, however, suggesting that an endogenous cir-
cadian periodicity was absent. The cffects of increased [DIC] on cultured receptacles under
calm conditions were similar to the inhibitory effects of high water motion; both conditions
reduced release in several species from both tide pool and intertidal habitats. Bicarbonate
concentration, rather than carbon dioxide, or carbonate, was shown to be the component
of the DIC system most closely correlated (inversely) with gamete release in the intertidal
fucoid Pelvetia compressa. The hypothesis that gamete releasc is triggered by DIC depletion
in the unstirred boundary layer during periods of low water motion in the light was further
supported by experiments with P. compressa. These showed that gamete release was not
inhibited by high water motion when DIC was absent. In the same experiments, high water
motion inhibited release at 2 and 20 mmol/L DIC, confirming that the sensitivity of gamete
release to water motion is DIC dependent. The ability of fucoid algae to couple physiological
processes (e.g., photosynthesis) with life history events (gamete relcase) allows external
fertilization to occur under favorable hydrodynamic conditions, and may contribute greatly
to reproductive success in organisms inhabiting periodically turbulent environments.

Kevwords: external fertilization success: fucoid algae: gamete release (spawning); hvdrodvnamic
conditions; inorganic carbon; intertidul; reproductive ecology.

INTRODUCTION

Water motion is one of the most important variables
affecting the reproductive biology of organisms with
external fertilization. Experimental studies with arti-
ficially induced spawning demonstrate that fertilization
success declines as water velocity increases (Penning-
ton 1985, Levitan et al. 1992). Modeling studics of
organisms releasing gametes into turbulent flows pre-
dict fertilization efficiencies of <1% (Denny 1988,
Denny and Shibata 1989). Moreover, the increased
probability of fertilization in areas such as surge chan-
nels with limited water exchange (Denny ct al. 1992)
may be counteracted by small-scale shear forces acting
on gametes and zygotes (Mead and Denny 1994). Stud-
ies of natural spawning events also suggest that higher
than average water velocities (Petersen 1991, Babcock
et al. 1992, Oliver and Babcock 1992, Petersen et al.
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1992) or changes in current dircction (Lasker et al.
1996) can reduce fertilization success.

The best chance for organisms to increase external
fertilization success in turbulent environments is to
avoid releasing gametes during periods of high water
motion. We recently demonstrated that high water mo-
tion inhibits gamete release in fucoid algae (Serrdo et
al. 1996). Natural populations of Fucus vesiculosus L.
from the Baltic Sea and F. distichus L. (formerly F.
distichus ssp. distichus; Rice and Chapman 1985) from
intertidal pools cach release gametes coincident with
periods of low water motion, and have high levels of
fertilization success (generally >95%; Pearson and
Brawley 1996, Serrdo et al. 1996).

Reproductive activity (c.g., gametogenesis, gamete
release, larval relcase) in marine species is commonly
entrained by environmental factors with circannual, lu-
nar, or semilunar rhythms, or is triggered by specific
temperatures or photoperiods (reviewed by Korringa
1947, Giese and Kanatani 1987, Neumann 1987, San-
telices 1990, Brawley and Johnson 1992). The for-
mation of reproductive structures (receptacles) in fu-
coids is triggered by daylength (Bird and McLachlan
1976), and gametogenesis in red algae occurs in re-
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sponse to long or short days, depending upon the spe-
cies (Guiry and Cunningham 1984). The highly syn-
chronized cycles of gametogenesis in some species of
the brown algal genus Dictyota (Williams 1905, Phil-
lips ¢t al. 1990) are a response to lunar cycles in one
species, Dictvota dichotoma, and can be entrained by
artificial moonlight in culture (Miiller 1962). Gamecte
releasc occurs with a lunar or semilunar periodicity in
a wide range of marine taxa (e.g.. corals [Babcock et
al. 1986]: rcef-dwelling fishes [Robertson et al. 1990];
fucoid algae [Brawley 1992]).

Synchronization of gamcte release with tidal or lunar
cycles can enhance fertilization success, which can be
profoundly affected by changes in the rate of gamete
release at time scales of minutes (e.g., Babcock et al.
1992). Therefore, proximate environmental cues acting
over shorter time scales play a crucial role in “fine-
tuning™ gamete release. Endogenous chemical cues in
holothuroids have been implicated in synchronizing ga-
metogenesis in concert with environmental factors (Ha-
mel and Mercier 1996). Spawning pheromones coor-
dinate gamete release in several species, including
some echinoids (Beach et al. 1975, Miller 1989) and
brown algae (Lining and Miiller 1978; reviewed by
Maicr and Miiller 1986, Maier 1993). Spawning activ-
ity in some sca urchins and mussels is stimulated by
meltabolites produced during phytoplankton blooms,
thus ensuring an adequate food supply for planktonic
larval stages (Starr et al. 1990, 1993). The ability to
sense water motion as a proximate signal coordinating
gamete release, however, has the twofold advantage of
(1) enhancing synchrony of release, and (2) ensuring
that release occurs only during hydrodynamic condi-
tions favorable for fertilization (Pearson and Brawley
1996, Serrdo ct al. 1996).

In this paper we investigate how water motion is
perceived by fucoid algae. Fucus distichus L. is mon-
oecious, and is limited to high intertidal pools (Chap-
man and Johnson 1990). Gamcte release follows a cir-
catidal periodicity, and occurs largely during low tides
that fall between ~1000 and 1400 Eastern Standard
Time (EST) (Pearson and Brawley 1996). Photosyn-
thetic carbon acquisition by tide pool algae causes a
depletion of inorganic carbon and an increase in pH
within the isolated pool during daytime low tides (Ma-
berly 1992, Larsson et al. 1997). A second effect of
isolation at low tide is the reduction of water motion
to nearly zero relative to the highly turbulent flows
associated with wave action. Reduced water motion
results in an increase in the thickness of the diffusive
boundary laycer around receptacles, across which in-
organic carbon species (CO,, HCO,; , CO; ) must dif-
fuse. Given that CO, diffuses 10* times slower in water
than in air. and that HCO, - diffuses even more slowly
(Kerby and Raven 1985), a reduction in the bulk flow
of medium across an algal thallus has potentially severe
consequences and, together with depletion of inorganic
carbon by algae in limited volumes of seawater, prob-
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ably results in photosynthetic carbon limitation in tide
pools, with photoinhibition as a likely consequence.
This led us to hypothesize that inorganic carbon lim-
itation under calm conditions may provide a signal re-
sulting in gamecte release. A prediction of this hypoth-
esis is that increasing the concentration of DIC in calm
cultures would alleviate carbon limitation and thus lead
to a reduction in gamete release, relative to calm cul-
tures in normal seawater (2 mmol/L dissolved inorganic
carbon [DIC]). Earlier, we demonstrated that photo-
synthetic competence is required for gamete release
during calm conditions (Serrdo et al. 1996). Here, our
field and laboratory studies provide support for a model
in which hydrodynamic conditions arc sensed chemi-
cally via changes in the supply of inorganic carbon
across the boundary layer. Fucoids that are emersed at
low tide may cxpericnce substantially different con-
ditions from tidal pool F. distichus, so we also ex-
amined this model in intertidal Fucus vesiculosus L.
and Pelvetia compressa (J. Agardh) De Toni (formerly
P. fastigiata, Silva 1996) to test its generality. Our
laboratory studies on these species support the model.
This sensitivity to hydrodynamic conditions has im-
portant ecological consequences by contributing to the
high fertilization efficiencies of fucoid algae (Brawley
1992, Pcarson and Brawley 1996, Serrdo et al. 1996).

METHODS
Field observations and measurements

Two moderately exposed sites (A and B) ~50 m
apart, cach with four tide pools containing populations
of F. distichus, were studied at Chamberlain, Maine
(44° N, 69°30" E) in 1996. The pools at both sites were
located slightly above the F. spiralis zone on seaward
facing slopes with a gentle to moderate grade (see Fig.
1 in Pearson and Brawley 1996). During low tide, water
flow in the pools was close to zero, inferred from ob-
servations of “‘egg shadows” that formed directly be-
low receptacies releasing gametes. At high tide the
pools never became fully immersed, but were subject
to wave-induced water motion from breaking waves
and water exchange for periods up to 5 h. Material for
laboratory experiments was taken from pools ~20 m
from Site B. Reproduction in F. distichus occurs during
the winter and early spring, from January through mid-
April (Pearson and Brawley 1996). Fucoid algae re-
lease male and female gametangia (antheridia and oo-
gonia) through multicellular pores to the surface of the
alga from spherical, subepidermal conceptacles present
throughout the reproductive tissue (receptacles, Fritsch
1945). Eggs arc fertilized by motile, biflagellate sperm
during, or shortly following, the release of cggs from
the oogonia.

Gamete release in F. distichus occurs during periods
when the tide pools are isolated from water motion,
and therefore, gamete relcasc can be quantified accu-
rately by measuring the settlement of eggs and zygotes
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Fic. 1. Gamete release from F. distichus (determined from egg settlement [hatched bars] on artificial substrates: n = 6

+ 1 sE) from tide pools A2 (a) and B4 (b) at Chamberlain, Maine, between 23 and 28 March 1996 (far left axis: the width
of the bars illustrates the sampling intervals, separated by high-tide periods when the pools were being washed by waves).
The bicarbonate concentration in the pools prior to, or just following, inundation by high tides is shown by filled circles

A

(inner left axis; n = 3 = 1 SE); the mean seawater concentration of bicarbonate is shown by the horizontal dashed line. The
phase of the tidal cycle is shown by the solid line (right axis). Darkness (night) is shown by the vertical gray bars.

on artificial substrates. Settlement disks (28 mm di-
ameter) were cast from Sea Goin® Poxy Putty (Per-
malite Plastics, Newport Beach, California) using a sil-
icone rubber mold. The mold was made using Plexiglas
disk blanks topped by sandpaper (number 6, from Swe-
den). Settlement disks fit flush into the lids of plastic
film canisters (Pearson and Brawley 1996). These as-
semblies were placed haphazardly below groups of re-
productive algae in the pools (n = 6 disks). Disks were
placed into two pools (A2 and B4, from sites A and
B, respectively) following the daytime or nighttime
high tide, as soon as the pools stopped being washed
by waves, and were collected prior to the following
high tide, by carefully placing a film canister over the
lid containing the disk under water, and closing it. This
method minimized loss of settled eggs and zygotes
from the disk surface. Both Pools A2 and B4 were
washed during the high tide for 4.5-5 h on 23 March,

and continued to be washed for at least 4 h until 26
March. However, between 27 and 29 March, neither
pool received any tidal input (lowest neap tides, 28
March).

We measured fluctuations in inorganic carbon con-
centration in the pools prior to, during, and immedi-
ately following periods of gamete release. At each sam-
pling time (i.e., prior to a high tide), the temperature
was recorded, and water samples (n = 3) were collected
in sealed polypropylene tubes (15 mL) within patches
of reproductive individuals in the pools, near the po-
sitions of the settlement disks. Seawater controls were
collected at Chamberlain during daytime sampling pe-
riods for comparison with pool samples. Water samples
were stored in darkness at 5°C until analysis.

The inorganic carbon concentration in the tide pools
during periods of gamete release was determined by
the method of Strickland and Parsons (1972). Water
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samples were brought to room temperature (25°C), the
pH was measured, and major forms of inorganic carbon
(CO,, HCO; and CO.; ?) were estimated from pH and
alkalinity after titration with a known amount of 0.01
mol/L hydrochloric acid. This method is based on a
thermodynamic consideration of the inorganic carbon
system (Skirrow 1975). The removal of CO, during
photosynthetic carbon fixation causes an increase in
pH without changing alkalinity; therefore, knowledge
of the pH and alkalinity of a seawater sample is suf-
ficient to calculate the total dissolved inorganic carbon
(DIC) present from

1 + K,'/H* + H*/K,,'
1 + 2K,'/H*

[DIC] = [CA]

where [DIC] is the total dissolved inorganic carbon
concentration in the water, [CA] is the carbonate al-
kalinity, and H* is the hydrogen ion activity (=10"?H).
The first and second apparent dissociation constants
(temperature and salinity dependent) for carbonic acid
are given by K, ,” and K,', respectively, and refer to the

processes
K.,» CO, + H,0 & H* + HCO,

i) 1818 =10 < ol S 919 Pl

In order to determine the quantity of mature gametes
available for release, we collected independent samples
of mature receptacles (n = 5 receptacles per pool; one
receptacle from each of five individuals) haphazardly
from algae near the settlement disks during each day-
time sampling period and fixed them in acetic acid:
ethanol (1:3) for analysis. Fixed receptacles were sec-
tioned with a razor blade, rehydrated in distilled water,
and observed with an Olympus BH-2 compound mi-
croscope at low power. The number of conceptacles,
total number of oogonia, and the number of mature
oogonia were determined from 10 to 12 sections (~0.5
mm) per receptacle. Mature oogonia were defined as
those in which cleavage furrows were evident; only
oogonia having undergone cell division are released
from conceptacles.

Flow measurements in laboratory experiments

Water velocitics in experimental culture vessels were
quantified using a pulsed doppler flow meter (Crystal
Biotech CBI-8000, model PD-10, Northborough, Mas-
sachusctts) with a 2-mm transducer crystal at an angle
of 457 to the direction of flow. Measurements werc
made with a 31.25 KHz pulse repetition frequency, 5
mm from the scnsor, and 3-4 mm from the wall of the
flask or culture dish. Ground black pepper was added
to the seawater during flow velocity measurcments to
provide particles for the reflection of the signal. The
output was recorded at 25 mm/s on a Gould 220 high
speed chart recorder (Rutherford, New Jersey, USA).
Flow was generated in two ways: either using an orbital
shaker (Lab-Line Instruments Melrose Park, Illinois,
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USA) or by magnetic stirring plates. On the orbital
shaker, flow rates were measured in 125-mL flasks con-
taining 30 mL seawater at 150 rpm (for experiments
with F. distichus) and in 250-mL flasks containing 50
mL seawater at 120 rpm (for experiments with F. ves-
iculosus). Magnetic stirring was used to generate flow
in culture dishes containing 200 mL seawater in an
experiment with F. distichus, or in 1-L flasks filled to
capacity in an experiment with P. compressa.

Laboratory experiments: Fucus distichus

Water motion and light regime.—We investigated
the effects of different hydrodynamic regimes on ga-
mete release by culturing receptacles under calm, ag-
itated, and simulated tidal conditions. The effect of
photoperiod on gamete release was tested by culturing
receptacles under a natural photoperiod, or in constant
light. Intact individuals of F. distichus were collected
for experiments during darkness at 0400 EST, 24
March, to minimize disruption of any endogenous or
environmentally cued responses to the natural light
field. Algae were obtained from a pool ~20 m from
Site A, placed into a bucket of seawater, and transported
back to the laboratory in darkness. Immediately after
returning, groups of 3—4 receptacles were assigned ran-
domly to replicate 125-mL flasks containing 30 mL of
filtered ( I-pm mesh) seawater (n = 5). The temperature
of the walk-in culture room was maintained at 10° %
1°C; the range of temperature maxima recorded for the
tide pools during the experimental period was 5°-13°C,
and the range of temperature minima (recorded at
night) was —3°-0°C. Constant photosynthetic photon
flux density (PPFD) was provided with metal halide
lights at 500 pmol photons-m >s~'; for those treat-
ments requiring a natural photoperiod (12 h light: 12
h dark), flasks were wrapped in aluminum foil between
1800 and 0600 EST. Water motion was provided by an
orbital shaker at 150 rpm.

In natural populations, tidal input provides fresh sea-
water ~2 h prior to each high tide, except during some
neap tides, when the pools remain isolated. Thus, six
of the eight experimental treatments were sampled 2 h
prior to the times of high tide in the field. The medium
was changed at this time, and the number of released
eggs was determined using a dissecting microscope.
Results werc analyzed using a repeated-measures
ANOVA with gamete release as the response variable,
two repeated factors (“‘day’ three levels, and “‘pho-
toperiod phase”: two levels), plus six levels of the
factor ““treatment’” as follows: (1) three levels of water
motion: constant agitation, constant calm, and a sim-
ulated tidal regime in which agitation was provided for
2 h prior to and 2 h following high tide, and (2) two
light regimes, 12 h light: 12 h dark and 24 h (constant)
light. The tidal sampling regime of 12.5-h periods con-
tained both light and darkness. Therefore, to clarify the
effects of PPFD, two more calm treatments were an-
alyzed in a second experiment, carricd out during the
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same period. These were sampled cvery 12 h at the
beginning and end of the light period. One of these
was kept in constant light and the other in a 12 h light:
12 h dark photoperiod. In this and all further experi-
ments homogeneity of variance assumptions were ver-
ified with Cochran’s test. Differences between means
were detected with Tukey’s tests, using the appropriate
mean square.

Effects of dissolved inorganic carbon supply.—We
investigated the role of DIC in gamete release under
calm conditions in F. distichus using the same pho-
toperiod, PPFD, and temperature described above. Ga-
mete release was sampled every 12 h, at the beginning
and end of the light periods. Receptacles (3—4 per rep-
licate: n = 5) were placed in 125-mL flasks containing
30 mL of unbuffered seawater containing either 2
mmol/L (natural seawater) or 20 mmol/L. DIC (sup-
plemented with 18 mmol/L NaHCO;). Data were an-
alyzed by repeated-measures ANOVA, after confirming
homogeneity of variance assumptions with Cochran’s
test.

Effects of water motion vs. receptacle motion.—We
investigated whether the inhibitory effect of agitation
on gamete release required movement of receptacles in
the water column using culture dishes (n = 4) con-
taining 200 mL natural seawater in a walk-in culture
chamber at 12° = 1°C. with a 12 h light: 12 h dark
photoperiod, and a PPFD of 250-300 pmol pho-
tons-m" >s "'. Water motion was provided with stir bars
and magnetic stir plates. Receptacles (two per repli-
cate) were kept parallel and immobilized with respect
to the water flow by holding them between two thin
plastic strips supported ~2 cm from the floor of the
culture vessel. The four treatments (prescnce or ab-
sence of water motion; with or without immobilization
of rcceptacles) were analyzed by repeated-measures
ANOVA. No attempt was madec to control for physical
contact between nonimmobilized receptacles or be-
tween receptacles and the walls of the culture vessels;
such contact did not produce abrasion.

Laboratory experiments: Pelvetia compressa and
Fucus vesiculosus

Pelvetia compressa is a monoecious fucoid inhab-
iting the intertidal zone of Pacific North America. As
an cxperimental organism for studies of hydrodynamic
effects on gamete release, P. compressa is advanta-
geous because it sheds very few gametes in the light
during a =4-h induction period, but rcleases massive
numbers within 2-5 min of a transfer from light to
darkness (Jaffe 1954); 6-h illumination was used in the
experiments reported in the present communication.
Pelvetia compressa was collected from either Monte-
rey, or Pigeon Point, California; receptacles in sealed
plastic bags, or whole algac stored between layers of
damp paper, were shipped overnight on ice packs in
styrofoam coolers. Material was stored in darkness at
5°C and normally used in experiments within 3-4 d,
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and always within 10 d. of collection. Before use, re-
ceptacles were pretreated to minimize potential arti-
facts associated with storage, by placing them in natural
seawater in the light (150 pmol photons-m 2s7'), for
6 h with vigorous water motion (agitation at 150 rpm
in 2-L flasks).

[HCO; ], [CO,] pH.—We further investigated the
effect of the inorganic carbon dioxide system, in par-
ticular bicarbonate (HCO, ), and dissolved CO,, on
gamete release in P. compressa, by varying their rel-
ative concentrations in scawater over the pH range 7.1-
8.6. For example, at equilibrium in seawater containing
2 mmol/L. HCO;" at pH 7.1, there is 182.4 umol/L
CO,; at pH 8.0, 23 pmol/L, whereas at pH 8.6, the
concentration of CO, is only 5.8 pmol/L (calculated
from data in Skirrow [1975]). To produce seawaters
with DIC concentrations lower than that of normal sea-
water, we first made DIC-free seawater, before adding
back a known quantity of NaHCO;. Natural filtcred
seawater was acidified to pH 3 and bubbled overnight
(minimum of 12 h) with air passed through 1 mol/L
NaOH to remove CO, (Forster and Dring 1992). The
seawater containers were 4-L polypropylene screw-top
jars with holes drilled in the lids for air lines to enter
during bubbling. After 12 h, 10 mmol/L Tris basc was
added, and the pH was adjusted with 10 mol/L HCIL.
Positive pressure was maintained throughout by pass-
ing CO,-frec air through the scawater, preventing con-
tamination with atmospheric CO.. The jar was then
sealed and the seawater used in experiments the same
day.

Water motion vs. [ DIC].—If the major effect of wa-
ter motion on gamete release is to increase the rate of
DIC supply to the algal thallus, then we reasoned that
gamete release should be independent of water motion
in the absence of DIC. This hypothesis was tested in
a closed system, in which exchange between the sea-
water medium and the air was prevented. Flasks (1 L)
containing NaHCO; to give final concentrations of DIC
of 0, 2 and 10 mmol/L, were flushed with CO,-free air
for several minutes, completely filled with DIC-free
seawater, and sealed with a rubber stopper (number 10,
~3 cm thick). Magnetic stir bars were added to flasks
recciving water motion, which was provided by stirring
plates. The experiment was a 2 X 3 factorial design
with two levels of water motion (present or absent),
and three levels of [DIC] (0, 2, and 10 mmol/L). At
the start of the light incubation period, receptacles (10
in cach of the six flasks) were quickly added to the
flasks, which were then rescaled. After 6 h in the light
(250 pmol photons-m *s~') at 15°C, the receptacles
from each flask were removed, and two per replicate
(n = 5) placed in darkness in 60-mm petri dishes in
15 mL natural seawater. Gamete release was quantified
after 30 min.

Fucus vesiculosus is a dioecious fucoid that inhabits
the mid-intertidal zone of moderately exposed shores
throughout most of its distribution on the American
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TABLE 1.
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Temperature, pH and HCO,~ concentration in tide pools A2 and B4 before and after

high tides during gamete release from F. distichus between 24 and 27 March 1996.

Temperature HCO,
Date/Time Sampling time (6359 (mmol/L) pH
Pool A2
24 Mar 1996/1230 [=] DHT 8 1.51 (0.06) 8.99 (0.07)
24 Mar 1996/1600 [+] BHT 7 1.59 (0.09) 8.98 (0.09)
25 Mar 1996/0030 [—]1 NHT 1 1.61 (0.12) 8.64 (0.02)
25 Mar 1996/1330 [=] DHT 10 0.96 (0.16) 8.87 (0.07)
25 Mar 1996/1700 =] DHT 4 1.83 (0.03) 8.23 (0.02)
26 Mar 1996/0130 [=]1 NHT 1 1.93 (0.01) 7.79 (0.01)
26 Mar 1996/1400 [—] DHT 13 1.16 (0.08) 9.13 (0.05)
26 Mar 1996/1830 [+ DHT 2 1.99 (0.01) 7.79 (0.03)
27 Mar 1996/0200 [—] NHT -l 1.82 (0.03) 7.30 (0.02)
27 Mar 1996/1500 =EDHT 11 0.90 (0.28) 8.96 (0.06)
Pool B4
24 Mar 1996/1230 [=] DHT 10 1.07 (0.06) 8.98 (0.04)
24 Mar 1996/1600 {+) DHT ¥¢ 1.63 (0.02) 8.60 (0.01)
25 Mar 1996/0030 [—] NHT 0 1.96 (0.01) 8.58 (0.01)
25 Mar 1996/1330 [=]DHT 10 0.66 (0.08) 8.93 (0.03)
25 Mar 1996/1700 [} DHT 3 1.82 (0.04) 8.19 (0.01)
26 Mar 1996/0130 [—] NHT 1 1.92 (0.01) 7.63 (0.01)
26 Mar 1996/1400 [—] DHT 13 0.84 (0.02) 9.21 (0.04)
26 Mar 1996/1830 [+] DHT 2 1.82 (0.01) 7.76 (0.02)
27 Mar 1996/0200 [—] NHT =1 2.05 (0.01) 7.30 (0.02)
27 Mar 1996/1500 {—i{DHT 12 0.76 (0.10) 8.98 (0.02)

Notes: Values of pH and HCO,  are means and 1 SE (in parentheses), n =
sampling in relation to immersion of pools by the high tide is shown ([

3. The timing of
] = before immersion,

[+] = after immersion). DHT = daytime high tide and NHT = nighttime high tide. The seawater
temperature during the sampling period was 3° *= 0.5°C, [HCO; ] was 1.85 = 0.02 mmol/L
(n = 12), and the pH was 8.02 = 0.04 (n = 12).

and European coasts of the north Atlantic. The recep-
tacles were collected from females at Chamberlain,
Maine, USA, and used in experiments immediatcely.
The effects of DIC concentration on gamete release by
F. vesiculosus were studied by culturing (17°C, 250
pmol photons-m *-s7!) receptacles under calm or agi-
tated (120 rpm) conditions in 250-mL glass flasks (five
receptacles per flask) with 50 mL of scawater contain-
ing 0 mmol/L, 2 mmol/L or 20 mmol/L of DIC. Ex-
change of CO, between the air and seawater was not
entirely prevented in this experiment, therefore *‘0
mmol/L”” DIC, in reality, represents a low concentra-
tion. but one greater than zero: flasks were purged with
CO--tree air prior to the experiment, but did not remain
completely air-tight throughout the incubation period.
The seawater was prepared as described above for P.
compressa, except that the pH was rcadjusted to pH
8.0 with HC1 and NaOH instead of being buffered with
Tris. Receptacles cultured in natural seawater under
agitated or calm conditions were used as controls. The
receptacles were exposed to the treatments for 8 h, after
which the numbers of eggs released were counted under
a dissecting microscope.

REsULTS

The settlement of cggs and zygotes of F. distichus
in tide pools occurs with the onset of the daytime low
tide series and occurs during low tide when pools are
isolated from wave action (Pearson and Brawley 1996).
Gamete release occurred on the same tides in different

pools, with most gametes being released on a single
day, although there was a further, small release on the
day following the major event (Fig. 1). During the 2-
d period of gamete release, almost no release occurred
during the nighttime low tide periods, resulting in a
marked diurnal pattern of gamete release and settle-
ment. Gamete release was associated with large fluc-
tuations in the bicarbonate concentration and pH in the
tide pools (Fig. 1, Table 1). On 24 March, one day prior
to gamete release, there was ~1.5 mmol/L bicarbonate,
both before and after the daytime high tide had flushed
Pool A2, and prior to the high tide on the night of the
24-25 March (Fig. 1a). This was slightly lower than
the average seawater concentration, which was 1.85 =
0.02 mmol/LL during the study period. Following the
daytime low tide period on 25 March, during which
gametes were released, the bicarbonate concentration
had fallen to 0.96 mmol/L. Over the next scveral days,
there was a pattern of pH increases and bicarbonate
decreases during low tide in the light, followed by a
return to nearly the concentration of bicarbonate in bulk
seawater after flushing of the pools at high tide (or in
darkness at night). A similar pattern occurred in Pool
B4 at a site some 50 m from Site A, although a decline
in bicarbonate to ~1 mmol/L occurred on the 24 March,
one day prior to gamete release (Fig. 1b. Table 1). The
inorganic carbon status of the pools was not extensively
sampled on 27 and 28 March, following the peak of
gamete release, because they were no longer washed
at high tide. Low concentrations of bicarbonatc were

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



WATER MOTION AND FUCOID GAMETE RELEASE

~J
(v

ceptacle of F. distichus, determined by section-

July 1998

12 7
1
10
8 -
FiG. 2. Total number of oogonia (solid sym- j
bols; left-hand axis) and number of mature oo- 6
gonia (open symbols; right-hand axis) per con- ?
ing mature receptacles collected from pools A2 4
and B4, between 23 and 28 March 1996 (n = ]
5 receptacles = 1 SE). 2 5
o

Total No. Oogonia/Conceptacle

measured on these two days following the daytime low
tide period, however, there was a negligible amount of
gamete release. The reason for this appears to be ex-
haustion of the supply of mature ocogonia (Fig. 2, right
axis). Mature oogonia are cleaved into eight eggs that
remain tightly packed inside the oogonium. The total
numbers of oogonia did not decline significantly be-
tween 23-24 March (prior to release) and 25-26 March
(when release occurred), although there were fewer in
samples taken on 27 March (Fig. 2, left axis: ANOVA,
F<, = 3.18. P < 0.02). However, numbers of mature
oogonia decreased precipitously between 24 and 25
March, and reached a minimum on 27 March for re-
ceptacles from Pools A2 and B4 (ANOVA, date and
pool interaction; F; 3 = 5.04; P < 0.001; Tukey’s mul-
tiple comparison tests). It is of interest that numbers
of mature oogonia began to increase by the 28 March,
although gamete release occurs only at ~2 wk intervals
(1.e., during the daytime low tide serics; Pearson and
Brawley 1996).

The patterns of release of gametes from natural pop-
ulations of F. distichus suggest that several endogenous
and environmental cues might be involved in the timing
of gamete release, so these were manipulated in lab-

FiG. 3. Chart traces showing flow charac-
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oratory cultures. The velocity, range, and periodicity
of the flow within the experimental vessels for this
experiment are shown in Fig. 3a. The mean vclocity
was 0.35 m/s, but oscillated over the range —0.04 to
0.61 m/s. As in the 1995 field season (shown in Serrdo
et al. 1996), gamete release in culture coincided with
days when it was observed in field populations in 1996
(ct. Figs. 1 and 4), and similar patterns of gamete re-
lcase were observed under either calm or simulated
tidal conditions (Fig. 4a, b). Many fewer gametes were
released in the afternoon/evening periods than in the
mornings (particularly under simulated tidal condi-
tions). Cultures in which gamete relcase was quantified
during light vs. dark periods (Fig. 4c) indicated that
few gametes were released during darkness. Constant
agitation of cultures (i.e., permanent ‘‘high tide™ con-
ditions) effectively blocked gamete release throughout
the sampling period (Fig. 4d). Thus, although tidal con-
ditions arc not necessary for patterns of gamete relcase
similar to thosc observed in the field, periods of low
water motion are required (see also Serrdo et al. 1996).
When previously agitated receptacles were returned to
calm conditions in the light at the end of the experi-
mental period, massive gamete rclease was stimulated

teristics in culture vessels used for the experi-
ments (March 1996) reported in this paper. Flow
velocity was determined using a pulsed doppler
flowmeter as described in the text. Trace a: 125-

mL flask containing 30 mL seawater, orbital
shaker at 150 rpm. Trace b: 250-mL flask con-
taining 50 mL seawater, orbital shaker at 120
rpm. Trace c: 200 mL seawater in 250-mL cul-

Flow Velocity (m/s)

ture dish, magnetic stir plate. Trace d: 1-L flask
completely full of seawater and sealed with
rubber stopper, magnetic stir plate. Traces taken
with Gould 220 chart recorder at 25 mm/s.
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F1G. 4. Gamete release from cultured receptacles of F. distichus in laboratory experiments between 24 and 28 March
1996. Units for gamete release are per gram fresh mass of receptacle throughout figures. Gray bars in (a)—(d) are dark portions
of the photoperiod, and the dashed lines in all graphs are placed to show actual midnight. All values are means * 1 SE (n
= 5 flasks per treatment; repeated measures on the same receptacles). The treatments are: (a) 12:12 h photoperiod; constant
calm conditions. (b) 12:12 h photoperiod; receptacles agitated on an orbital shaker (150 rpm) during periods when tide pools
were inundated by waves in the field, to simulate tidal conditions. Black bars above the graph show the periods of agitation.
(c) 12:12 h photoperiod; constantly calm conditions. (d) 12:12 h photoperiod; constant water motion provided by agitation
on an orbital shaker (150 rpm) until 28 March (black bars), followed by calm conditions (vertical arrow) during the sampling
interval 0400-1630 h (stippled bars). Conditions in (e) are as in (a), (f) as (b), and (g) as (d) except for constant light in
(g). Gamete release in treatments (a), (b), (d), (e), (f), and (g) was determined for periods corresponding to the onset of
**high tide™ until immediately prior to the following ‘“‘high tide.”” Gamete release in treatment (c) was quantified during light
vs. dark intervals. See Methods for further details.
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TaBLE 2. Cumulative gamete release by receptacles of Fu- ¥ =
cus distichus in culture between 24-27 March (calm and | M 2 mmol/L DIC

tidal conditions) and 24-28 March (agitated cultures re-
turned to calm conditions on 28 March: see Fig. 4 and
Methods for details).

Photoperiod Cumulative gamete release

Water motion regime (no. eggs/g)t
regime (light : dark h) + 1 S8E
Calm 24:0 60032 * 5570
Calm 12:12 79 262+ = 8944
Tidal 24:0 88 029* = 7623
Tidal 12:12 83175* = 12198
Agitated 24:0 118 093* £ 9221
Agitated 12712 136 366" = 5790

Notes: Values are means = 1 SE (n = 5). A one-way ANO-
VA was performed on the data, and values with the same
letter do not differ significantly (P > 0.05, Tukey’s multiple
comparison tests).

T Units of gamete release are per gram fresh mass of re-
ceptacle.

(Fig. 4d, g), which exceeded the cumulative release
from tidal and calm treatments (Table 2).

The possibility that an endogenous rhythm underlies
the diurnal periodicity of gamete release in both calm
and simulated tidal cultures was investigated under
constant light. The onset and duration of release also
coincided with that in the field under these conditions
(cf. Fig. 1 and Fig. 4e, f), which indicates that an en-
dogenous rhythm of gamete development and/or re-
lease with a circatidal (or semilunar) periodicity may
occur in F. distichus. However, the light: dark oscil-
lations in the quantity of gametes released disappeared
in constant light, which suggests that an endogenous
circadian rhythm of gamecte release was absent. Very
little gamete release was again found in constantly ag-
itated cultures (Fig. 4g). The results of our culture ex-
periments demonstrate that calm conditions (low water
motion) and a light:dark cycle were necessary and
sufficient to generate patterns of gamete release similar
to those observed in the field, at least in short-term
culture. Gamete release during the afternoon/cvening
period in tidal cultures appears to be lower than in calm
cultures. This is likely to be because the 4-h period of
agitation given to tidal cultures occurred during the
afternoon light period, and thus gamete rcleasc was
prevented by water motion.

Receptacles of F. distichus cultured in seawater con-
taining 20 mmol/L DIC released significantly fewer
gametes compared to receptacles cultured in seawater
with natural levels of DIC (Fig. 5; repeated-measures
ANOVA; F,,, = 10.38, P < 0.001). There were no
significant differences in the numbers of gametes re-
leased by the two treatments before and after the release
period, which occurred over 2 d, or during dark periods.

The effects of inorganic carbon concentration on ga-
mete release were investigated in more detail using
Pelvetia compressa as an experimental organism. By
altering the scawater pH, we manipulated the relative
amounts of inorganic carbon species present in the me-

V2 20 mmol/L DIC

Gamete Release (eggs/g) x 1073

. . . ;
g8 98 38 28 28 28 a8
O o %w gco 8&0 800 8@ 800
S~ ©o v i< B ©o 2

Time Interval

FiG. 5. The effect of DIC (dissolved inorganic carbon)
on gamete release by receptacles of F. distichus under calm
conditions. Gray bars show the dark part of the photoperiod
(12:12 h). Inhibition of gamete release in the presence of 20
mmol/L. DIC in the light is shown by asterisks (repeated-
measures ANOVA; £ < (0.001). Values are means * 1 SE (n
= 5). Cultures were maintained in unbuffered, filtered (1-pm
mesh) seawater, with or without addition of NaHCO;. Units
for gamete release are per gram fresh mass of receptacle.

dium, allowing their effects on gamete release to be
investigated. Gamete release declined under calm cul-
ture conditions as bicarbonate concentration was in-
creased over the range 0.5-20 mmol/L (Fig. 6a). An
intcraction between the effects of pH and bicarbonate
concentration resulted from a higher gamete release in
10 mmol/L bicarbonate at pH 7.1 compared to pH 8.6
(ANOVA; Fy o = 2.62, P = 0.016). Although gamete
release also declined with increasing concentrations of
CO, at each pH tested, the slopes of the curves varied
between pH treatments to a much greater extent than
when the data are expressed relative to {HCO, ] (cf.
Fig. 6a and b). Thus, at 20 mmol/LL. HCO,~ gamete
release was low and not significantly different between
pH 7.1 and 8.6 (Fig. 6a), representing a range of CO,
between 57.7 pmol/L (pH 8.6) and 1824 umol/L (pH
7.1). Similarly, the decline in gamete release with in-
creasing concentration of CO,™* was not consistent over
the (relatively narrow) pH range tested (data not
shown). The inhibition of gamete release by inorganic
carbon therefore correlates most closely with changes
in the concentration of HCO,;".

Gamete release from receptacles of F. vesiculosus
was inhibited by water motion, and declined signifi-
cantly with an increasing concentration of DIC (Fig.
7, ANOVA, no interaction between water motion and
DIC: F.., (DIC) = 8.58, P < 0.0001; F, ., (water mo-
tion) = 16.70, P < 0.0001). The mean flow velocity
in the conditions used in this experiment was 0.30 m/
s, ranging between —0.09 and 0.58 m/s (Fig. 3b). Great-
er gamete release occurred in seawater with ‘0 mmol/
L’ DIC than either normal (2 mmol/L) or high (20
mmol/L) DIC seawater (Tukey’s multiple comparison
tests). The lack of an interaction between [DIC] and
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FiG. 6. The effects of DIC and seawater pH on gamete re-
lease by receptacles of P. compressa under calm conditions, in
response to (a) bicarbonate concentration, and (b) dissolved car-
bon dioxide concentration. Receptacles were incubated in DIC-
free seawater, buffered with 10 mmol/L Tris, and with NaHCO,
added to the required level. Values are means = 1 SE (n = 5).

water motion may have arisen because exchange of air
with 0 mmol/L’" treatments was not completely pre-
vented.

In an experiment designed to scparate the effects of

14007 o
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seawater 0 2 20
control
DIC (mmol/L)
Fig. 7. The effect of DIC and water motion on gamete

release by receptacles of F. vesiculosus. Values are means =
1 SE (n = 4). The experiment was done in unbuffered, DIC-
free seawater with or without addition of NaHCO; (controls
in natural seawater).
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Fi1G. 8. Experiment to separate the effects of water mo-

tion from the movement of receptacles in the water column
on gamete release in F. distichus. Movement of receptacles
was unrestricted in the ““Calm’’ and ‘*Agitated’’ treatments,
but they were held in place relative to the water flow (natural
seawater) and incident light in the “*Calm (immobilized)”
and ‘“‘Agitated (immobilized)’” treatments. Gray bars show
the dark part of the photoperiod (12:12 h light : dark). Values
are means = 1 SE (n = 4 culture vessels per treatment).

water motion from secondary effects, such as changes
in PFD caused by the tumbling motion of receptacles
through the water, or the bumping of receptacles against
each other or the walls of the culture vessels, we found
that gamete release in F. distichus was inhibited by
water motion regardless of whether receptacles were
allowed to tumble freely in the seawater, or were im-
mobilized with respect to the flow (Fig. 8). The char-
acteristics of the flow regime generated by magnetic
stirring in this experiment (Fig. 3¢) differed from those
experiments 1 which an orbital shaker was used. lhe
mean current velocity was similar to that generated by
orbital shaking (0.32 m/s), although it varied over a
much smaller range (0.22-0.45 m/s), and showed no
periodic wave-like oscillations. This amount and type
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FiG. 9. Effects of dissolved inorganic carbon concentra-

tion and water motion on gamete release by receptacles of P.
compressa. Receptacles were incubated in DIC-free, buffered
seawater (10 mmol/L Tris; pH 8.0), with NaHCO; added when
required. Water motion was provided by magnetic stirring
plates. Values are means = | SE (n = 5).
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of water motion was, however, effective in blocking
gamete release from F. distichus.

The magnitude of gamete release in DIC-free sea-
water was independent of water motion in P. compressa
(Fig. 9), in contrast to seawater containing 2 or 10
mmol/L of DIC at the start of the experiment, where
water motion significantly decreased gamete release
(ANOVA: F,,, = 11.84; P < 0.0001 and Tukey’s test
for comparisons of the means). This experiment was
done in completely closed culture vessels, unlike the
cxperiment with F. vesiculosus. The quantity of ga-
metes released under stirred conditions in the closed
system at 2 mmol/L. DIC was greater than we typically
found for receptacles of the same species agitated in
an open system exposed to air. The reasons for this are
unclear, but were consistently observed when the ex-
periment was repeated. In a previous experiment with
P. compressa using an open culture system to examine
the effects of water motion on gamete release, calm
cultures released 26 278 * 5446 eggs/g receptacle fresh
mass whereas agitated cultures released 245 % 158
eggs/g receptacle fresh mass (values are means = 1 SE,
n = 5), confirming that agitation inhibits gamete release
under these conditions in this species. The mean flow
velocity of 0.48 m/s was higher than, but lacked the
periodicity generated by, orbital shaking (Fig. 3d; range
0.38-0.54 m/s). The periodic wave-like motion pro-
vided by an orbital shaker may provide greater tur-
bulence than closed flasks with magnetic stirrers, which
provide a more uniform flow rate. However, gamete
release in F. distichus was inhibited in stirred cultures
at 0.32 m/s (Figs. 3¢ and 8). Alternatively, photosyn-
thesis might deplete DIC to a significantly greater ex-
tent in the closed- compared to the open-culture system.

DiscussioN

In this study, we present several lines of evidence
in support of the hypothesis that, with regard to the
control of gamete release, water motion is sensed via
changes in the rate of supply of dissolved inorganic
carbon (DIC) to the reproductive tissues. Firstly, ga-
mete release was insensitive to water motion in DIC-
free seawater in a closed-culture system, presumably
because there was no net supply of inorganic carbon
to the receptacles from the medium. In the same ex-
periment, the predicted inhibitory effect of water mo-
tion was observed in treatments containing DIC (2 or
10 mmol/L), with lower gamete release in stirred rel-
ative to calm cultures. Secondly, gamete release was
inhibited to the same extent from receptacles that were
immobilized relative to the flow or allowed to tumble
freely in the water column, showing that factors sec-
ondarily associated with increased flow rate (e.g., mo-
tion-induced variations in PPFD) were not responsible
for the observed reductions in gamete release. Thirdly,
decreasing the diffusion resistance by increasing the
DIC concentration under calm conditions decreased
gamete release, mimicking the effects of water motion
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by increasing the flux of DIC to the receptacles. Our
results suggest that fucoid algac possess a “‘physio-
logical sensor” of hydrodynamic conditions that is
coupled to the control of gamete release, a key event
in the life history of organisms with external fertil-
ization. The depletion of inorganic carbon, in the un-
stirred boundary layer next to the thallus in the light
when water motion is low, may then provide a signal
involved in triggering the release of gametes. The ef-
fects of water motion on the unstirred boundary layer
are important in controlling the rates of several phys-
iological processes in macroscopic marine organisms
from macroalgae to corals, such as photosynthesis,
respiration, and nutrient assimilation (e.g., Dromgo-
ole 1978, Wheeler 1980, Koehl and Alberte 1988, Car-
penter et al. 1991, Patterson et al. 1991, Shashar et
al. 1993), because diffusive transport is much slower
in water than in air (10* times slower for CO,). We
previously reported (Serrdo et al. 1996) that gamete
release in fucoid algae was inhibited by high water
motion and that photosynthetic competence was nec-
essary for normal gamete release under calm condi-
tions. The results of this study indicate that water
motion does not inhibit the production and/or matu-
ration of gametangia, since the cumulative release of
gametes from receptacles returned to calm conditions
following a period of several days of agitation ex-
ceeded that from calm or simulated tidal cultures.
Fucoid algae are able to use bicarbonate, which
forms ~90% of the DIC in seawater, as a source of
carbon for photosynthesis (Cook et al. 1986, Axelsson
and Uusitalo 1988, Surif and Raven 1989, Maberly
1990). We found that gamete release in P. compressa
was inversely related to [HCO;"] when the relative
amounts of inorganic carbon species were altered in
seawater buffered between pH 7.1 and 8.6. Periods of
natural gamete release by F. distichus were correlated
with depletion of the DIC content of the tide pools,
resulting from photosynthesis during exposure of the
pools during daytime low tides. Few gametes were
released during nighttime low tides, resulting in a dis-
tinctly diurnal pattern of release. A pattern of gamete
release coincident with that observed in the field oc-
curred in cultured receptacles provided with a natural
photoperiodic regime, saturating light for photosyn-
thesis, and water motion simulating tidal conditions.
Constant agitation of cultures, or addition of DIC dur-
ing calm periods, inhibited gamete release. These re-
sults are consistent with the hypothesis that DIC lim-
itation is the sensor for water motion as a proximate
signal for gamete release in natural populations.
Environmental water motion is a proximate factor
controlling gamete release in submerged populations
of F. vesiculosus in the Baltic Sea (Serrdo et al. 1996)
where due to the lack of tides, there are no predictable
cycles of calm and turbulent conditions comparable to
tide pools. Rather, water motion is wind-driven and
therefore unpredictable both in time and from site to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1736

site. Baltic water is ~pH & in the central Baltic Sea,
but within £. vesiculosus beds during a calm day it may
exceed pH 9.0 (Serrdo 1996). In this environment, the
rate of DIC supply to cells may provide a very sensitive
and reliable indicator of environmental water motion.
Variations in the hydrodynamic regime greatly influ-
ence inorganic carbon supply at low current velocities,
by altering the thickness of the diffusive boundary lay-
er (Wheeler 1980, Koehl and Alberte 1988, Hurd and
Stevens 1997): in zero flow, photosynthetic rates are
reduced by 29% in the green alga Ulva lactuca (Koch
1993), and between 30 and 50% in the red alga Grac-
iluria conferta (Gonen et al. 1993). The mean flow
velocities of between .30 and 0.48 m/s used in our
experiments effectively inhibited gamete release in the
three species of fucoid algae tested, both under oscil-
latory flow generated by orbital shaking, or under more
constant flow conditions generated by stirring. Oscil-
latory flows (of greater wavelength) producing pressure
waves are more typical of marine environments (e.g.,
Koehl 1977); however, with regard to gamete release,
the importance of flow appcars to be in controlling the
rate of supply of DIC to receptacles. Carbon fixation
is a sink for electrons generated by the photochemical
reactions of photosynthesis; thus, scveral feedback
mechanisms, cither at the photochemical level, at the
level of the photosynthetic carbon reduction pathway,
or in response to alterations in cellular energy balance,
could be initiated by changes in the rate of supply of
DIC. thereby linking environmental signals to intra-
ccllular controls of gamete release. Other effects of
altered DIC (i.e.. not related to photosynthesis) could
influence intracellular signaling because of the central
role of HCO, 1n metabolism (e.g., Sperelakis 1995);
however, our data (Serrdo et al. 1996) support a direct
role for photosynthetic metabolism in the feedback
mechanism.

The ecological significance of a mechanism for sens-
ing water motion based on DIC is less clear for inter-
tidal species that are emersed during low tide. but that
experience turbulent lows when immersed. Since wa-
ter velocities of only 0.02-0.08 m/s are required to
overcome DIC limitation due to the diffusive boundary
layer in other algal species (Gonen et al. 1993, Koch
1993), and the transition from a laminar to a turbulent
velocity boundary layer in kelps and fucoids occurs at
mainstream velocities of 0.015-0.03 m/s (Hurd and
Stevens 1997), water motion may be too high to result
in DIC limitation during typical days on exposed
shores. This suggests the potential importance of (1)
unusually calm days, (2) the reduction in bulk water
flow experienced by some benthic organisms (e.g.,
Koehl 1977, Koehl and Alberte 1988, Brawley 1992)
due to aggregation of individuals, morphology, etc,
and/or (3) release or priming of release of gametes
during emersion at low tide, which may still be based
on DIC supply. Published data on rates of carbon fix-
ation in emersed fucoid algae suggest that photosyn-
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thesis is not carbon saturated in air (e.g., Surif and
Raven 1990); some authors have found rates compa-
rable to, or slightly greater than submersed photosyn-
thesis (Johnson ct al. 1974, Quadir et al. 1979, Johnston
and Raven 1986). whereas others have found much
reduced rates in air (Bidwell and Craigic 1963). Several
factors are likely to influecnce aerial photosynthesis in
situ, including the thickness of the water film surround-
ing the thallus (affecting the diffusive distance for CO,)
and the degree of shading due to other individuals or
orientation of the thallus to the incident light. Gamete
release by intertidal fucoid species (i.e.. F. vesiculosus,
P. compressa) was inhibited by water motion and stim-
ulated by low DIC in our experimental studies, in a
similar way to F. distichus, and gamete release at low
tide has been observed in many intertidal fucoids, in-
cluding P. compressa (e.g., Brawley 1990). Thus, it
will be important for future studies to investigate in
situ the ecological significance of the response to DIC
for gamete rclease and the reproductive ecology of in-
tertidal species by comparing the magnitude of viable
gamete release and fertilization during different inter-
vals within a tidal cycle.

An unanswered question about the timing of gamete
release in fucoids is whether it is a response to envi-
ronmental variations associated with changing tidal
phase, or whether there is an endogenous component
to these semilunar rhythms. If an endogenous com-
ponent is involved, it would be of interest to know
what entraining factors, or zeitgebers, are involved
(Miiller 1962, Franke 1985). Receptacles of F. disti-
chus brought into culture from the field exhibited peak
gamete release coincident with natural populations,
even in calm conditions in constant light (see Results).
However, months-long studies in culture will be nec-
essary in order to demonstrate whether or not intrinsic
rhythms are involved (e.g., cycles of gametangial mat-
uration).

Respiration and/or photosynthesis modify the prop-
crtics of the diffusive boundary layer surrounding
many sessile and slow-moving marine organisms, and
these processes are sensitive to small changes in water
motion. In addition to the ctfects of water motion on
a varicty of marinc algae, there are well-known effects
on the metabolism of corals. The respiration rates of
reef-building corals are dependent on oxygen and pH
profiles in the boundary layer; flow rate can limit res-
piration in darkness, and may limit polyp size (Shashar
et al. 1993), whereas the photosynthetic activity of en-
dosymbiotic zooxanthellae can increase respiration up
to six-told in saturating irradiances (Kiihl et al. 1995).
Thus, the potential for the detection of hydrodynamic
conditions via changes in physiological state exists in
many marine species, and spawning mechanisms that
take advantage of this ability may be more widespread
than currently realized. It is interesting in this context
that in situ observations of the spawning of corals have
noted that very low current velocities often prevail dur-
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ing gamete release (Babcock et al. 1986, Fadlallah
1996).

Our results suggest that key events in the life history
of a species, such as the success of fertilization, can
depend upon physiological processes (e.g., photosyn-
thesis); these may, therefore, have impacts on the fit-
ness of adults that are independent from their effects
on growth, productivity, or stress tolerance. This in-
dependent source of selective pressure on physiological
traits should be particularly important in organisms
such as fucoid algac that inhabit stressful environments
and lack asexual reproduction. The ability of fucoid
algae to couple a hydrodynamic sensing mechanism
with gamete release has led to a high potential to syn-
chronize the timing of gamete release, and conscquent-
ly to enhance the success of external fertilization.
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