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ABSTRACT. The ability of scuba-equipped scientists to directly observe marine organisms in their
natural environments has dramatically improved our understanding of marine ecological processes.
Despite advances on numerous fronts, however, the basic ecology of many important groups, includ-
ing the tropical green algae, remains relatively unstudied. This paper examines how aspects of sexual
reproduction by these algae relate to their population dynamics and includes discussions of gamete
formation, spatial dispersion of males and females, herbivory on fertile algae, the nature and timing
of gamete release, fertilization success, and zygote dispersal. Further investigations into any of these
topics promise to shed useful light on an ecologically important group of tropical seaweeds.

INTRODUCTION

The field of subtidal marine ecology owes much of its success to the technology of
scuba. With the advent of open-circuit air delivery, scientists were no longer forced to
rely on samples dredged from the depths or washed up on the shore to infer ecological
processes. Organisms could be observed firsthand in their natural setting, and followed
through time at a variety of depths and locations. As a result, we have learned a great
deal about how marine life forms live and die beneath the waves, but there is still much
to be learned.

Perhaps nowhere is this more apparent than in the study of tropical green algae. Five
genera of siphonous green algae in the order Byropsidales (Caulerpa in the family Caul-
erpaceae and Halimeda, Penicillus, Rhipocephalus, and Udotea in the family Udoteacae)
are particularly notable for their size, their abundance, and the range of habitats they oc-
cupy on or near coral reefs (Bold and Wynne, 19835; Littler and Littler, 1994, 2007; Hay,
1997). Prior to direct observations enabled by the application of scuba, very little was
known about the ecological role of these algae.

We now know that these seaweeds are extremely important members of shallow-
water, tropical marine communities. As primary producers, these algae help sustain many
reef-associated herbivores (e.g., Morrison, 1988; Niam, 1988; Littler and Littler, 1994;
Stachowicz and Hay, 1996; Williams and Walker, 1999; Munoz and Motta, 2000). As
relatively large, structurally complex benthic flora, tropical green algae provide shelter
for numerous invertebrates (e.g., Stoner, 1985; Hendler and Littman, 1986; Hay et al.,
1990) while competing directly with others for space (e.g., Carpenter, 1986; Hughes et
al., 1987; Littler et al., 1989; Tanner, 1995; Ceccherelli et al., 2000; Beach et al., 2003;
Marquez and Diaz, 2005). Correlations between increasing green algal abundance and
declining coral cover and reef biodiversity further emphasize the ecological significance
of these seaweeds within coral reef communities (e.g., Porter and Meier, 1992; Hallock et
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al., 1993; Hughes, 1994a, 1994b; Ogden and Ogden, 1994; Se-
bens, 1994; Morand and Briand, 1996; Shulman and Robertson,
1996; Szmant, 2002; Smith et al., 2006; Nelson, 2009). Tropi-
cal green seaweeds also produce complex defensive compounds
that alter the foraging of herbivorous fishes and invertebrates
(e.g., Paul and Fenical, 1986; Paul, 1987; Paul and Van Alstyne,
1988; Hay and Fenical, 1992; Stachowicz and Hay, 1996) and
potentially have useful biomedical properties (e.g., Fischel et al.,
1995; Isassi and Alvarez-Hernandez, 1995). Even after death, the
heavily calcified thalli of the Udoteacae contribute to sand pro-
duction, reef building, and other important geological processes
(e.g., Wefer, 1980; Drew, 1983; Flugel, 1988; Marshall and Da-
vies, 1988; Freile et al., 1995; Braga et al., 1996; Freile and Hillis,
1997; Martin et al., 1997).

Despite the obvious relevance of tropical green seaweeds
to reef-associated ecosystems, their basic biology remains rather
poorly understood, particularly aspects of their reproductive life
history. As with many algae, variable, often subtle modes of re-
production obscure many of the most basic aspects of their life
history (Bold and Wynne, 1985; Brawley and Johnson, 1992;
Lobban and Harrison, 1994); there is a paucity of careful field
studies that focus on the algae themselves (Walters et al., 2002;
Vroom et al., 2003; van Tussenbroek and van Dijk, 2007). Indeed,
the life cycles of some of the most abundant and important groups
(e.g., Halimeda) have yet to be followed completely in either the
lab or the field (see Meinesz, 1980). Put simply, more studies are
needed that examine how tropical green seaweeds live and die.
This paper seeks to promote further investigations of this cycle
by highlighting the potential ecological significance of different
aspects of sexual reproduction by tropical green macroalgae.

As with many algae, Bryopisdales reproduce both asexually
and sexually. Early studies of vegetative reproduction via rhizoid
extension (Hillis-Colinvaux, 1973; Walters and Smith, 1994)
and, more recently, thallus fragmentation (Smith and Walters,
1999; Walters et al., 2002) support a general premise that asex-
ual processes contribute significantly to the dynamics of green
seaweed populations on and around coral reefs (e.g., Friedmann
and Roth, 1977; Hillis-Colinvaux, 1980; Meinesz, 1980). At the
same time, observations of seasonal pulses of highly synchronous
sexual activity by green algae on Caribbean reefs (Clifton, 1997,
2008; Clifton and Clifton, 1999; van Tussenbroek et al., 2005)
imply a previously underappreciated role for sexual reproduc-
tion in terms of population regulation and ecological influence.
Because sexually reproducing algae die immediately following
gamete release, annual peaks of reproduction by tropical green
seaweeds have immediate effects on algal demography as den-
sity and cover percentage decline precipitously, often in a mat-
ter of weeks (Clifton and Clifton, 1999). While the synchronous
nature of gamete release presumably boosts fertilization success
during episodes of sex, how these bouts of reproduction contrib-
ute to subsequent algal recruitment and repopulation of reefs is
currently unknown. The remainder of this paper examines how
different aspects of sexual reproduction by green algae may con-
tribute to their ecological significance.

SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

GAMETE FORMATION
AND SEXUAL IDENTITY

Although easily detected by a trained observer, fertility and
sexual reproduction in tropical Bryopsidales is a transient, often
overlooked phenomenon. It begins when, overnight, a fraction of
the population (tens to thousands of thalli) changes color and/
or develops external gametangia. These macroscopic features are
clear and reliable indicators of an impending sexual event (Clifton
and Clifton, 1999). What induces this pulse of fertility remains
unknown (environmental factors such as tides, moon phase,
water movement, temperature, and day length are known to or-
ganize bouts of synchronous sexual reproduction in other marine
organisms; see reviews by Harrison and Wallace, 1990; Brawley
and Johnson, 1992; Levinton, 1995). Within 24 or 48 hours (de-
pending on species) the entire algal protoplasm converts to ga-
metic products that migrate into newly developed gametangia.
For all species but those in the monoecious genus Caulerpa, the
gender of a fertile thallus (based on gametangia color and mor-
phologys; see Figure 1) becomes apparent during this time (Clifton
and Clifton, 1999), facilitating measures of local sex ratios and
nearest-neighbor distances prior to gamete release. For species
of Caulerpa, macro- and microgametes concentrate in different
parts of the thallus and can be identified based on color (green =
microgametes, brown = macrogametes; Figure 2). These general
patterns of fertility have now been verified for over 30 species in
6 genera (Clifton and Clifton, 1999; KEC, personal observation).

The spatial dispersion of fertile male or female thalli pre-
sumably plays an important role in fertilization success. Proxim-
ity to other reproductive individuals coupled with the synchrony
of release generally influences gamete concentration in broad-
cast-spawning organisms, and gamete concentration influences
the likelihood that gametes of opposite sex will encounter one
another following release (Lotterhos and Levitan, 2010). The
spatial dispersion of males and females may be especially impor-
tant for dioeceous, sand-dwelling species that occur in a broad
range of densities (from isolated individuals to large “meadows”
with densities of hundreds of individuals/m?; e.g., Halimeda in-
crassata, H. monile, H. simulans, Penicillus spp., Rhypocephalus
phoenix, and Udotea spp.). For these species, small, same-sex
clusters of two or three individuals (within 5 cm of one another;
KEC, unpublished data) are commonly encountered. It remains
to be known whether these represent genetically identical thalli
derived from vegetative reproduction (ramets), in which case the
synchronous release of gametes would boost gamete concentra-
tions and reduce the likelihood of gamete limitation (sensu Levi-
tan, 1993), or whether they are genetically distinct thalli (genets)
derived from sexual reproduction and recruitment into the popu-
lation, in which case synchronous reproduction would increase
gamete competition for fertilization. Gender-specific dispersion
is, at first glance, less relevant for monoeceous species such as
Caulerpa. However, differential patterns of sexual allocation
to micro- and macrogamete production coupled with the over-
all spatial distribution of reproductive thalli could still play an
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FIGURE 1. Examples of fertility—evident by the presence of gametangia and color change, as well as gender identity—in dioeceous
species of siphonous green seaweeds. Species by column: (I) Penicillus capitatus (note the white stipe and lighter color of the capitulum
in fertile seaweeds); (II) Halimeda tuna (external gametangia and white blades denote fertile condition); (IIl) Udotea caribea (note white
blade and newly developed gametangia along terminal blade edge). Gender by row: (A) fertile males (lighter green color for all species
and rounded tip morphology of gametangia for U. caribea); (B) fertile females (darker green/bluish color for all species and spiked tip
morphology of gametangia for U. caribea); (C) nonfertile thalli for all three species. Photos by Kenneth Clifton.

important ecological role in determining the likelihood of suc- diet. These seaweeds counter with an evolved combination of
cessful zygote formation. chemical and physical defenses that deter rates of feeding by dif-
ferent herbivores to varying degrees (e.g., see Hay and Fenical,
1992; Williams and Walker, 1999; Paul et al., 2001; Molis et al.,

SEXUAL REPRODUCTION 2008; and references therein). To date, studies of herbivory on
AND HERBIVORY Bryopsidales have focused almost exclusively on the consump-
tion on nonreproductive thalli.
A diverse array of crustaceans, echinoderms, mollusks, and The potential for chemical and physical defenses to her-

fishes consume siphonous green algae as part of their regular bivory to be altered by a shift from vegetative to reproductive
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FIGURE 2. Progression of fertility in the monoeceous green alga Caulerpa cupressoides. (A) Cellular contents migrate from
rhizoids into unspecialized gametangia at terminal ends of blades approximately 48 hours prior to gamete release. (B) Roughly

24 hours later, segregation of macrogametes (brown, terminal areas of blade) and microgametes (greener, basal sections) oc-

curs, leading to a two-colored appearance. (C) The discharge of both micro- and macrogametes occurs from separate small
tubular orifices that develop 1-3 hours prior to gamete release. Scale bar = 1 ¢cm (all three images). Photos by Kenneth Clifton.

state seems high. Uncalcified gametangia, the structures that
house gametes prior to their release, develop during the initial
stages of fertility. Thus, they are potentially exposed to herbi-
vores that would normally be deterred by the presence of CaCO,
for one or more night/day cycles, depending on the species of
algae. The chemical defenses of these seaweeds may be similarly
altered, as the conversion of the entire thallus from vegetative
protoplasm to gametes occurs during a similar time span. While
the phenomenon has not been investigated sufficiently, observa-
tions of heavy infestations of the sacoglossan sea slug Elysia tuca
on fertile specimens of sand-dwelling Halimeda incrassata and
H. monile (hundreds of slugs on a single reproductive thallus
versus a normal load of one or fewer slugs on a nonreproductive
thallus; KEC, pers. obs.) indicate that some species of herbivores
respond directly to the expression of sexual reproduction by
green algae. Severe herbivory on the gametangia of fertile speci-
mens of Udotea, Penicillus, and Rhypocephalus have also been
observed (Figure 3). If a shift to fertility does attract a dispropor-
tionate level of herbivory, it may represent an additional cost of
reproduction to the seaweed; the phenomenon certainly merits
further study.

GAMETE CHARACTERISTICS

The flagellated, anisogamous gametes produced by sipho-
nous green algae are known from a variety of studies (e.g., Gold-
stein and Morrall, 1970; Meinesz, 1972, 1980; Kajimura, 1977;
Hillis-Colinvaux, 1980; Enomoto and Ohba, 1987; Clifton and
Clifton, 1999). The size of biflagellated male microgametes is
relatively consistent across taxa, whereas female macrogametes

occur in two forms, depending on species. Halimeda, Caulerpa,
and one species of Udotea (flabellum) produce biflagellated, pho-
totactic macrogametes that morphologically resemble microga-
metes but are 2-34 times larger (Clifton and Clifton, 1999) and
possess an obvious eye-spot. Relative gamete size may play an
important role in fertilization dynamics in terms of both gamete
encounter rates (Levitan, 2006) and gamete behavior. Although
negatively buoyant, biflagellated macrogametes can swim rela-
tively long (1-5 m) distances toward light (Clifton, 1997) prior
to fertilization. As in other green algae (e.g., Togashi et al., 1998),
zygotes of these species show negative phototaxis immediately
after fertilization (KEC, unpublished). In contrast, Penicil-
lus, Rhipocephalus, and three species of Udotea (abbottiorum,
caribaea, and cyathiformes) produce large (100 pm diameter)
stephanokont gametes (Figure 4) with flagella arrayed along a
membranous, sheetlike tail (Clifton and Clifton, 1999). To date,
these large, macroscopically visible gametes (Figure 5) have not
been well studied (Meinesz, 1980; Littler and Littler, 1990); how-
ever, observations of freshly released material indicate that these
gametes are relatively immotile. Under calm conditions they
quickly sink, tail up, to the bottom, where flagellar motion drives
water past the gamete. This may increase encounter rates with
microgametes. Upon fusion, the membranous tail quickly (30-90
s) stops moving and is absorbed into the zygote. Both negative
phototaxis and negative buoyancy presumably limit the distance
a zygote disperses, however the extent of this limitation and the
degree to which it influences local population dynamics follow-
ing zygote development and recruitment awaits further study.
Given that siphonous green algae convert their entire proto-
plasm into gametes, and in keeping with a simple model of quan-
tity versus quality, the number of gametes produced by an alga
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FIGURE 3. Details of protoplasm migration, gametangia development, and gamete release for male and female Penicillus lamour-
ouxii. (1) Fertile male (a) and female (b) thalli showing diagnostic white stipe caused by protoplasmic migration. The darker, blue/
green coloration of the female and the lighter green color of the capitulum are both reliable indicators of fertility and gender. (2) Closer
view of the top section of a fertile male (a) and female (b) 12 hours prior to gamete release. Note the light green, uncalcified extension
of siphonous tubes and clearly evident sexually dimorphic colorations. (3) Gamete release from male (a) and female (b) seaweeds.
Individual macrogametes can be seen wafting away from the female. Photos by Kenneth Clifton.

FIGURE 4. Scanning electron microscope image of stephanokont mac-
rogamete from Rhbipocephalus phoenix. Flagellae that line the edge of
the membranous tail are not visible, probably due to loss during sample
preparation. Photo by Kenneth Clifton.




224 o SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

FIGURE 5. Examples of herbivores known to consume siphonous green algae and herbivory on fertile seaweeds. Clock-

wise from top left: the saccoglossan sea slug Elysia subornata on nonfertile Caulerpa racemosa; E. crispata on nonfertile

Penicillus lamourouxiiy a close up view of fertile C. racemosa showing unspecialized gametangia along blade bases and an

apparent bite wound (source unknown) to one blade; parrotfish bite wounds to gametangia of female Udotea caribaea;
and E. subornata on nonfertile Rhipocephalus phoenix. Photos by Kenneth Clifton.

should be related to gamete size. Preliminary investigations sup-
port this contention. Samples of total gamete release by a single
thallus into known volumes of seawater reveal that, as expected,
larger seaweeds release a greater number of gametes, and further
that females produce fewer gametes than males for a given thal-
lus size (Figure 6). There appears to be no relationship between
gamete size and thallus size.

THE TIMING OF GAMETE RELEASE

The reproductive synchrony of siphonous green algae can
be evaluated on several temporal scales. On the diel scale, in
all species studied to date, both micro- and macrogametes are
released directly into the water column during a single, brief
(typically 515 min), highly synchronous pulse of early morning
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FIGURE 6. Number of gametes released versus thallus size for 10
male (microgametes, open circles) and 10 female (macrogametes,
filled circles) Udotea flabellum. The effect of sex on the relationship
between gamete number and thallus size was significant (ANCOVA;
p =0.035).

reproduction (Clifton, 1997). The alga dies immediately follow-
ing gamete release (holocarpy). The timing of release appears to
be organized around changing light levels associated with the
onset of daylight, though water temperature also plays a role
(Clifton, 1997). The duration of gamete release varies between
species, with larger, epilithic species tending to release their gam-
etes more rapidly (Clifton and Clifton, 1999). With many thalli
reproducing synchronously, dense gamete clouds may extend
down-current for tens of meters, though these generally dissipate
within 5-10 minutes even under the calmest conditions. The pre-
cise timing of release relative to sunrise remains consistent for a
given species across seasons and years. Up to nine species from
five genera have been observed to release gametes on the same
morning; however, each species has a specific, narrow time of
release (Clifton and Clifton, 1999). Some species show overlap-
ping times of gamete release, though more closely related species
(Hillis et al., 1998; Vroom et al., 1998; Kooistra et al., 1999)
reproduce at different times (Clifton, 1997). This may reduce hy-
bridization if gamete viability is short lived relative to the time
between release by different species.

Green algae may show a broad seasonal peak of sexual re-
production that shifts with latitude (Clifton, 2008), but unlike
many broadcast-reproducing invertebrates they exhibit no obvi-
ous lunar or tidal cycling (Clifton, 1997). During seasonal peaks
of reproductive activity, populations of green algae undergo it-
erative bouts of sexual reproduction with varying degrees of in-
tensity. Only a subset of a given population releases gametes on
a particular morning (generally about 5%, though major bouts
of sexual reproduction involving more than 45% of the popula-
tion can occur). Episodes of sexual reproduction typically occur
on numerous reefs within a given geographic region on the same
morning, including on reefs several kilometers apart.
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During the seasonal peak of activity, bouts of sex occur on
roughly two-thirds of mornings; this frequency varies somewhat
interannually (e.g., bouts of gamete release occurred on 42%,
80%, and 68% of days during the seasonal reproductive peaks
in 1995, 1996, and 1997, respectively). When sexual reproduc-
tion is observed on a given morning, several species are often in-
volved. On a single Panamanian patch reef in 1996, 16 species of
green algae collectively underwent 233 bouts of gamete release
between March and July, with 97 additional events occurring
between March and mid-May the following year. A recent com-
parison of algal sexual reproduction in St. Croix and Panama
indicates that similar levels of activity occur throughout the Ca-
ribbean (Clifton, 2008).

Given the holocarpic life history of these seaweeds, iterative
bouts of sexual reproduction have a rapid and dramatic impact
on adult algal distribution and abundance (Clifton and Clifton,
1999). Algal cover can drop dramatically, freeing up space for
future colonization, perhaps by the same species, or more likely
by other members of the benthic community. Our understanding
of the nature of algal population dynamics and their effect on
the overall organization and function of coral reefs remains in
its infancy. Similarly, little is known of how the postreproductive
disintegration and dissolution of these calcified seaweeds con-
tributes to rates of CaCO, input into reef sediments.

ZYGOTE FORMATION AND DISPERSAL

Very little is currently known about the early life history
of siphonous green seaweeds. Although mature algae are easily
maintained in aquaria (e.g., Hillis-Colinvaux, 1980; Drew and
Abel, 1988; Ohba et al., 1992), zygote development in the lab-
oratory has been described for only Caulerpa serrulata (Price,
1992) and Halimeda tuna (Meinesz, 1972). After five months
the latter produced an alga quite different from the parents, and
the complete life cycle of the genus remains unresolved. Meinesz
(1980) reported adult-like algae from the zygotes of Flabellia
petiolata (formerly Udotea) after seven months, and Friedmann
and Roth (1977) describe an “espera” (non-adult-like) state of
Penicillus capitatus that arose after months of culturing. It is un-
clear whether these nonadult morphs represent a natural stage of
development or simply an artifact of in vivo conditions.

These laboratory observations should encourage further
study of zygote development, particularly under natural condi-
tions. Such data are fundamental to an understanding of how
algal recruitment and rates of growth from zygote to adult thal-
lus influence population dynamics. The relatively slow rates
of development reported from the lab coupled with field ob-
servations of delayed recovery of populations following peaks
of sexual activity suggest that algal recruitment occurs several
months after fertilization, with a possible cryptic stage of life
history occurring before the production of an adult form. Per-
haps this allows green algae to persist through unfavorable
seasonal periods of temperature, salinity, or light in a manner
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analogous to terrestrial seed banks (Hoffmann and Santelices,
1991). Seasonality in Panama (Cubit et al., 1989), where most of
the longer-term data on temporal patterns of green algal sexual
reproduction have been obtained, is known to be ecologically
significant for herbivorous reef fishes and their algal foods (e.g.,
Robertson, 1990; Clifton, 1995).

CONCLUSION

Numerous studies have implied a significant ecological role
for siphonous green algae within tropical marine communities.
To date, however, the basic biology of these algae remains poorly
understood. The presence of complex life-history strategies and
remarkable interspecific variation in the manner in which dif-
ferent algae reproduce are partly to blame for this dearth of
information, yet this very same complexity and variation offer
marine ecologists unparalleled opportunities to explore the ways
in which factors such as timing and location of reproduction,
patterns of gamete size and behavior, and fertilization success
and zygote development ultimately influence where and how
abundantly these algae occur. Investigations of the origins and
consequences of algal reproduction remain a critical step toward
improved understanding of the biological mechanisms that un-
derlie their ecological significance.

ACKNOWLEDGMENTS

My studies of tropical green seaweeds have been supported
by numerous sources, including the National Science Founda-
tion, the Smithsonian Institution, the National Geographic So-
ciety, the University of California, Santa Cruz, and Lewis and
Clark College. I thank Lisa Clifton for her keen observation
skills and assistance with my field studies over the years. Diane
and Mark Littler also deserve recognition for their willingness to
share their insights about the Bryopsidales with a recovering ver-
tebrate chauvinist. I thank also the organizers of the “Research
and Discoveries” symposium for bringing this work together:
Michael Lang, Roberta Marinelli, Susan Roberts, Phillip Taylor,
and their respective agencies. Finally, I acknowledge the inspiring
contributions of those early scientific divers, including my father,
H. E. Clifton, one of the original Tektite aquanauts, whose pio-
neering use of scuba as a research tool ushered in a new era of
scientific inquiry.

REFERENCES

Beach, K. S., L. J. Walters, H. Borgeas, C. M. Smith, J. A. Coyer, and P. S. Vroom.
2003. The impact of Dictyota spp. on Halimeda populations of Conch Reef,
Florida Keys. Journal of Experimental Marine Biology, 297:141-159. http://
dx.doi.org/10.1016/j.jembe.2003.07.003.

Bold, H. C., and M. J. Wynne. 1985. Introduction to the algae: Structure and repro-
duction. New Jersey: Prentice-Hall, Inc.

SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

Braga, J. C., J. M. Martin, and R. Riding. 1996. Internal structure of segment reefs:
Halimeda algal mounds in the Mediterranean Miocene. Geology, 24:35-38.
http://dx.doi.org/10.1130/0091-7613(1996)024<0035:1SOSRH>2.3.CO;2.

Brawley, S. H., and L. E. Johnson. 1992. Gametogenesis, gametes and zygotes: An
ecological perspective on sexual reproduction in the algae. British Phycologi-
cal Journal, 27:233-252. http://dx.doi.org/10.1080/00071619200650241.

Carpenter, R. C. 1986. Partitioning herbivory and its effects on coral reef algal com-
munities. Ecological Monographs, 56:345-360 http://dx.doi.org/10.2307
/1942551.

Ceccherelli, G., L. Piazzi, and F. Cinelli. 2000. Response of the non-indigenous
Caulerpa racemosa (Forsskal) J. Agardh to the native seagrass Posidonia oce-
anica (L.) Delile: Effect of density of shoots and orientation of edges of mead-
ows. Journal of Experimental Marine Biology, 243:227-240. http://dx.doi
.org/10.1016/50022-0981(99)00122-7.

Clifton, K. E. 1995. Asynchronous food availability on neighboring Caribbean
coral reefs determines seasonal patterns of growth and reproduction for an
herbivorous parrotfish. Marine Ecology Progress Series, 116:39-46. http://
dx.doi.org/10.3354/meps116039.

. 1997. Mass spawning by green algae on coral reefs. Science, 275:1116-

1118. http://dx.doi.org/10.1126/science.275.5303.1116.

.2008. Spatial patterns of reproductive synchrony by four genera of tropical
green seaweed across a latitudinal gradient in the Caribbean. Proceedings of
the eleventh International Coral Reef Symposium, 1:351-355.

Clifton, K. E., and L. M. Clifton. 1999. The phenology of sexual reproduction by
green algae on coral reefs. Journal of Phycology, 35:24-34. http://dx.doi.org
/10.1046/.1529-8817.1999.3510024.x.

Cubit, J. D., H. M. Caffey, R. C. Thompson, and D. M. Windsor. 1989. Meteorology
and hydrography of a shoaling reef flat on the Caribbean coast of Panama.
Coral Reefs, 8:59-66. http://dx.doi.org/10.1007/BF00301804.

Drew, E. A. 1983. Halimeda biomass, growth rates and sediment generation on
reefs of the central Great Barrier Reef province. Coral Reefs, 2:101-110.
http://dx.doi.org/10.1007/BF02395280.

Drew, E. A., and K. M. Abel. 1988. Studies on Halimeda 1I: Reproduction, par-
ticularly the seasonality of gametangia formation, in a number of species
from the Great Barrier Reef province. Coral Reefs, 6:207-218. http://dx.doi
.org/10.1007/BF00302017.

Enomoto, S., and H. Ohba. 1987. Culture studies on Caulerpa (Caulerpales, Chlo-
rophyceae). I. Reproduction and development of C. racemosa var. laetevirens.
Japanese Journal of Phycology, 35:167-177.

Fischel, J. L., R. Lemee, P. Formento, and C. Caldani. 1995. Cell growth inhibitory
effects of caulerpenyne, a sequesterpenoid from the marine algae Caulerpa
taxifolia. Anticancer Research, 15:2155-2160.

Fliigel, E. 1988. Halimeda: Paleontological record and palaeoenvironmental sig-
nificance. Coral Reefs, 6:123-130. http://dx.doi.org/10.1007/BF00302008.

Freile, D., and L. Hillis. 1997. Carbonate productivity by Halimeda incrassata in a
land proximal lagoon, Pico Feo, San Blas, Panama. Proceedings of the eighth
International Coral Reef Symposium, 1:762-772.

Freile, D., J. D. Milliman, and L. Hillis. 1995. Leeward bank margin Halimeda
meadows and draperies and their sedimentary importance on the western
Great Bahama Bank slope. Coral Reefs, 14:27-33. http://dx.doi.org/10.1007
/BF00304068.

Friedmann, E. L., and W. C. Roth. 1977. Development of the siphonous green
alga Penicillus capitatus and the Espera state. Botanical Journal of the Lin-
nean Society, 74:189-214. http://dx.doi.org/10.1111/;.1095-8339.1977.tb
01176.x.

Goldstein, M., and S. Morrall. 1970. Gametogenesis and fertilization in Caulerpa.
Annals of the New York Academy of Sciences, 175:660-672. http://dx.doi
.org/10.1111/5.1749-6632.1970.tb45183.x.

Hallock, P., E. E. Mulerkarger, and J. C. Halas. 1993. Coral reef decline. National
Geographic Society Research and Exploration, 9:358-378.

Harrison, P. L., and C. C. Wallace. 1990. Reproduction, dispersal, and recruitment
of scleractinian corals. In Ecosystems of the world: Coral reefs, ed. Z. Dubin-
ski, pp. 133-207. Amsterdam: Elsevier.

Hay, M. E. 1997. Calcified seaweeds on coral reefs: Complex defenses, trophic rela-
tionships, and value as habitats. Proceedings of the eighth International Coral
Reef Symposium, 1:718-719.

Hay, M. E., J. E Duffy, and W. Fenical. 1990. Host-plant specializations decreases
predation on a marine amphipod: An herbivore in plant’s clothing. Ecology,
71:733-743. http://dx.doi.org/10.2307/1940326.

Hay, M. E., and W. Fenical. 1992. Chemical mediation of seaweed-herbivore inter-
actions. In Plant-animal interactions in the marine benthos, ed. M. D. John,




S. S. Haskins, and J. H. Price, pp. 319-337. Systematics Association special
volume. Oxford: Clarendon Press.

Hay, M. E., Q. E. Kappel, and W. Fenical. 1994. Synergisms in plant defenses against
herbivores: Interactions of chemistry, calcification, and plant quality. Ecology,
75:1714-1726. http://dx.doi.org/10.2307/1939631.

Hendler, G., and B. S. Littman. 1986. The ploys of sex: Relationships among the
mode of reproduction, body size and habits of coral-reef brittlestars. Coral
Reefs, 5:31-42. http://dx.doi.org/10.1007/BF00302169.

Hillis, L. W., J. A. Engman, and W. H. C. E. Kooistra. 1998. Morphological and
molecular phylogenies of Halimeda (Chlorophyta, Bryopsidales) identify
three evolutionary lineages. Journal of Phycology, 34:669-681. http://dx.doi
.0rg/10.1046/j.1529-8817.1998.340669.x.

Hillis-Colinvaux, L. 1973. Reproduction in the calcareous green algae of coral
reefs. Journal of the Marine Biological Association of India, 14:328-334.

. 1980. Ecology and taxonomy of Halimeda: Primary producer of coral
reefs. Advances in Marine Biology, Vol. 17. London: Academic Press.

Hoffmann, A. H., and B. Santelices. 1991. Banks of algal microscopic forms: Hy-
potheses on their functioning and comparisons with seed banks. Marine Ecol-
ogy Progress Series, 79:185-194. http://dx.doi.org/10.3354/meps079185.

Hughes, T. P. 1994a. Catastrophes, phase shifts, and large-scale degradation of a
Caribbean coral reef. Science, 265:1547-1551. http://dx.doi.org/10.1126
/science.265.5178.1547.

. 1994b. Coral Reef Degradation: A long term study of human and natural
impacts. In Proceedings of the colloquium on global aspects of coral reefs:
Health, hazards, and bistory, 1993, ed. R N. Ginsburg, pp. 208-213. Miami:
University of Miami.

Hughes, T. P., D. C. Reed, and M. Boyle. 1987. Herbivory on coral reefs: Community
structure following mass mortalities of sea urchins. Journal of Experimen-
tal Marine Biology, 113:39-59. http://dx.doi.org/10.1016/0022-0981(87)
90081-S.

Isassi, G. D., and S. Alvarez-Hernandez. 1995. Anticoagulant properties of Mexican
algal extracts: Heparin-like potency of Halimeda discoidea (Chlorophyta) ex-
tract. Cryptogamie Algologie, 16:199-205.

Kajimura, M. 1977. On dioecious and isogamous reproduction of Caulerpa scalpel-
liformes (R.Br.) Ag. var. denticulata (Decsn.) Wever Van Bosse from the Oki
Islands, Shimane Prefecture. Bulletin of the Japanese Society of Phycology,
25:27-33.

Kooistra, W. H. C. E, M. Calderon, and L. W. Hillis. 1999. Development of the
extant diversity in Halimeda is linked to vicariant events. Hydrobiologica,
399:39-45. http://dx.doi.org/10.1023/A:1017084018210.

Levinton, J. S. 1995. Marine Biology: Function, Biodiversity, Ecology. New York:
Oxford University Press.

Levitan, D. R. 1993. The importance of sperm limitations to the evolution of egg
size in marine invertebrates. American Naturalist, 141:517-535. http://dx
.doi.org/10.1086/285489.

. 2006. Relationship between egg size and fertilization success in broad-
cast spawning marine invertebrates. Integrative and Comparative Biology,
46:298-311. http://dx.doi.org/10.1093/icb/icj025.

Littler, M. M., and D. S. Littler. 1990. Systematics of Udotea species (Bryopsida-
les, Chlorophyta) in the tropical western Atlantic. Phycologia, 29:206-252.
http://dx.doi.org/10.2216/10031-8884-29-2-206.1.

. 1994. Tropical reefs as complex habitats for diverse macroalgae. In Sea-

weed ecology and physiology, ed. C. S. Lobban and P. J. Harrison, pp. 72-75.

New Jersey: Cambridge University Press. http://dx.doi.org/10.1017/CBO

9780511626210.

.2007. Assessment of coral reefs using herbivory/nutrient assays and indica-
tor groups of benthic primary producers: A critical synthesis, proposed proto-
cols and a critique of management strategies. Aquatic Conservation: Marine
and Freshwater Ecosystems, 17:195-215. http://dx.doi.org/10.1002/aqc.790.

Littler, M. M., P. R. Taylor, and D. S. Littler. 1989. Complex interactions in the
control of coral zonation on a Caribbean reef flat. Oecologia, 80:331-342.
http://dx.doi.org/10.1007/BF00379034.

Lobban, C. S., and P. J. Harrison, eds. 1994. Seaweed ecology and physiology.
New Jersey: Cambridge University Press. http://dx.doi.org/10.1017/CBO
9780511626210.

Lotterhos, K., and D. R. Levitan. 2010. Gamete release and spawning behavior in
broadcast spawning marine invertebrates. In The evolution of primary sexual
characters, ed. J. Leonard, pp. 99-120. London: Oxford University Press.

Mirquez, J. C., and J. M. Diaz. 2005. Coral and macroalgae interactions: Depen-
dence between involved species. Boletin de Investigaciones Marinas y Coste-
ras, 34:227-242.

NUMBER 39 o 227

Marshall, J. F, and P. J. Davies. 1988. Halimeda bioherms of the northern
Great Barrier Reef. Coral Reefs, 6:139-148. http://dx.doi.org/10.1007/BF
00302010.

Martin, J. M., J. C. Braga, and R. Riding. 1997. Late Miocene Halimeda alga-
microbial segment reefs in the marginal Mediterranean Sorbas Basin, Spain.
Sediment, 44:441-456. http://dx.doi.org/10.1046/j.1365-3091.1997.d01
-31.x.

Meinesz, A. 1972. Sur le cycle de ’Halimeda tuna (Ellis et Solander) Lamouroux
(Udoteacae, Caulerpales). Comptes Rendus de I’Académie des Sciences, 275:
1363-1365.

. 1980. Connaisances actuelles et contribution a I’etude de la reproduction
et du cycle des udoteacees (Caulerpales, Chlorophytes). Phycologia, 19:110-
138. http://dx.doi.org/10.2216/i0031-8884-19-2-110.1.

Molis, M., J. Kérner, Y. W. Ko, and J. H. Kim. 2008. Specificity of inducible seaweed
anti-herbivory defenses depends on identity of macroalgae and herbivores.
Marine Ecology Progress Series, 345:97-105. http://dx.doi.org/10.3354/meps
07255.

Morand, P., and X. Briand. 1996. Excessive growth of macroalgae: A symptom
of environmental disturbance. Botanica Marina, 39:491-516. http://dx.doi
.org/10.1515/botm.1996.39.1-6.491.

Morrison, D. 1988. Comparing fish and urchin grazing in shallow and deeper
coral reef algal communities. Ecology, 69:1367-1382. http://dx.doi.org/10
.2307/1941634.

Munoz, R. C., and P. J. Motta. 2000. Interspecific aggression between two par-
rotfishes (Sparisoma, Scaridae) in the Florida Keys. Copeia, 2000:674-683.
http://dx.doi.org/10.1643/0045-8511(2000)000[0674:IABTPS]2.0.CO;2.

Nelson, W. A. 2009. Calcified macroalgae—critical to coastal ecosystems and vul-
nerable to change: A review. Marine and Freshwater Research, 60:787-801.
http://dx.doi.org/10.1071/MF08335.

Niam, O. 1988. Distributional pattern of mobile fauna associated with Halimeda
in the Tiahura coral-reef complex (Moorea, French Polynesia). Coral Reefs,
6:237-250. http://dx.doi.org/10.1007/BF00302020.

Ogden, J. C., and N. B. Ogden. 1994. The coral reefs of the San Blas Islands: Re-
visited after 20 years. In Proceedings of the colloquium on global aspects
of coral reefs: Health, hazards, and history, 1993, ed. R N. Ginsburg, pp.
267-272. Miami: University of Miami.

Ohba, H., H. Nashima, and S. Enomoto. 1992. Culture studies on Caulerpa
(Caulerpales, Chlorophyceae) III. Reproduction, development, and morpho-
logical variation of laboratory-cultured C. racemosa var. peltata. The Botani-
cal Magazine, Tokyo, 105:589-600. http://dx.doi.org/10.1007/BF02489433.

Paul, V. J. 1987. Feeding deterrent effects of algal natural products. Bulletin of
Marine Science, 41:514-522.

Paul, V. J., E. Cruz-Rivera, and R. W. Thacker. 2001. Chemical mediation of mac-
roalgal-herbivore interactions: Ecological and evolutionary perspectives. In
Marine chemical ecology, ed. J. McClintock and W. Baker, pp. 227-265. Boca
Raton, La.: CRC Press.

Paul, V. J., and W. Fenical. 1986. Chemical defense in tropical green algae, order
Caulerpales. Marine Ecology Progress Series, 34:157-169. http://dx.doi.org
/10.3354/meps034157.

Paul, V. J., and K. L. Van Alstyne. 1988. Chemical defense and chemical variation
in some tropical Pacific species of Halimeda (Halimedaceae; Chlorophyta).
Coral Reefs, 6:263-269. http://dx.doi.org/10.1007/BF00302022.

Porter, J. W., and O. W. Meier. 1992. Quantification of loss and change in Floridian
reef coral populations. American Zoologist, 32:625-640.

Price, I. R. 1992. Seaweed phenology in a tropical Australian locality (Townsville,
North Queensland). Botanica Marina, 32:399-406.

Robertson, D. R. 1990. Differences in the seasonalities of spawning and recruitment
of some small neotropical reef fishes. Journal of Experimental Marine Biol-
0gy, 144:49-62. http://dx.doi.org/10.1016/0022-0981(90)90019-9.

Sebens, K. P. 1994. Biodiversity of coral reefs: What are we losing and why? Ameri-
can Zoologist, 34:115-133.

Shulman, M. J., and D. R. Robertson. 1996. Changes in the coral reefs of the San
Blas, Caribbean Panama: 1983-1990. Coral Reefs, 15:231-236.

Smith, C. M., and L. J. Walters. 1999. Fragmentation as a strategy for Caulerpa
species: Fates of fragments and implications for management of an invasive
weed. Marine Ecology-Pubblicazioni della Stazione Zoologica di Napoli,
30:307-319. http://dx.doi.org/10.1046/j.1439-0485.1999.2034079.x.

Smith , J. E., M. Shaw, R. A. Edwards, D. Obura, O. Pantos, E. Sala, S. A. San-
din, S. Smriga, M. Hatay, and FE. L. Rohwer. 2006. Indirect effects of algae
on coral: Algae-mediated, microbe-induced coral mortality. Ecology Letters,
9:835-845. http://dx.doi.org/10.1111/j.1461-0248.2006.00937 .x.




228 o

Stachowicz, J. J., and M. E. Hay. 1996. Facultative mutualism between an her-
bivorous crab and a coralline alga: Advantages of eating noxious seaweeds.
Oecologia, 105:377-387. http://dx.doi.org/10.1007/BF00328741.

Stoner, A. W. 1985. Penicillus capitatus: An algal island for macrocrustaceans. Ma-
rine Ecology Progress Series, 26:279-287. http://dx.doi.org/10.3354/meps
026279.

Szmant, A. M. 2002. Nutrient enrichment on coral reefs: Is it a major cause of coral
decline? Estuaries, 25:743-766. http://dx.doi.org/10.1007/BF02804903.

Tanner, J. E. 1995. Competition between scleractinian corals and macroalgae:
An experimental investigation of coral growth, survival, and reproduction.
Journal of Experimental Marine Biology, 190:151-168. http://dx.doi.org/10
.1016/0022-0981(95)00027-0O.

Togashi, T., T. Motomura, and T. Ichimura. 1998. Gamete dimorphism in Bryopsis
plumosa: phototaxis, gamete motility and pheromonal attraction. Botanica
Marina, 41:257-264.

Van Tussenbroek, B. I, M. G. B. Santos, and J. K. van Dijk. 2005. Unusual synchro-
nous spawning by green algae (Bryopsidales), after the passage of Hurricane
Wilma. Botanica Marina, 49:270-271.

Van Tussenbroek, B. L., and J. K. van Dijk. 2007. Spatial and temporal variability
in biomass and production of psammophytic Halimeda incrassata (Bryopsi-
dales, Chlorophyta) in a Caribbean reef lagoon. Journal of Phycology, 43:69—
77. http://dx.doi.org/10.1111/5.1529-8817.2006.00307 .x.

SMITHSONIAN CONTRIBUTIONS TO THE MARINE SCIENCES

Vroom, P. S., C. M. Smith, J. A. Coyer, L. J. Walters, C. L. Hunter, K. S. Beach,
and J. E. Smith. 2003. Field biology of Halimeda tuna (Bryopsidales, Chlo-
rophyta) across a depth gradient: Comparative growth, survivorship, re-
cruitment, and reproduction. Hydrobiologica, 501:149-166. http://dx.doi
.org/10.1023/A:1026287816324.

Vroom, P. S., C. M. Smith, and S. C. Keeley. 1998. Cladistics of the Bryopsidales: a
preliminary analysis. Journal of Phycology, 34:351-360.

Walters, L. J., and C. M. Smith. 1994. Rapid rhizoid production in Halimeda discoi-
dea Decaisne (Chlorophyta) Fragments: A mechanism for survival after sepa-
ration from adult thalli. Journal of Experimental Marine Biology, 175:105—
120. http://dx.doi.org/10.1016/0022-0981(94)90178-3.

Walters, L. J., C. M. Smith, J. A. Coyer, C. L. Hunter, K. S. Beach, P. S. Vroom. 2002.
Asexual propagation in the coral reef macroalga Halimeda (Chlorophyta,
Bryopsidales): Production, dispersal and attachment of small fragments. Jour-
nal of Experimental Marine Biology, 278:47-65. http://dx.doi.org/10.1016
/50022-0981(02)00335-0.

Wefer, G. 1980. Carbonate production by algae Halimeda, Penicillus and Padina.
Nature, 285:323-324. http://dx.doi.org/10.1038/285323a0.

Williams, S. L., and D. I. Walker. 1999. Mesoherbivore-macroalgal interactions:
Feeding ecology of sacoglossan seaslugs and their effects on their food algae.
Oceanography and Marine Biology: An Annual Review, 37:87-128.





