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Abstract

Sexual reproductive activity has been demonstrated in all reef-building (zooxanthellate)
scleractinian corals examined from Mexico to the equatorial eastern Pacific (Galapagos
Islands). Eleven of 13 species spawn gametes, six are gonochoric, three hermaphroditic,
and four exhibit significant mixed sexuality (both gonochoric and hermaphroditic). Four or
30.1 %, two species each of Pocillopora and Porites, produce autotrophic ova. Porites
panamensis is the only known zooxanthellate brooder. Also sexually active are the
azooxanthellate scleractinian Tubastraea coccinea and the zooxanthellate hydrocoral
Millepora intricata. Reproductive structures, sex ratios, age at sexual maturity, sexuality,
and developmental mode have been determined from largely histological evidence.
Agariciid corals, comprising more than one-third of investigated species, exhibit
predominantly mixed sexual systems with sequential cosexual hermaphroditic cycles in
four species. Mixed sexuality is also minimally exhibited in populations of two dominantly
gonochoric species. Several eastern Pacific corals spawn mostly on lunar day 17 and 1-
2 days following; however, multispecific spawning has not been observed probably
because of seasonal, diel, and variable timing in spawning behavior. Factors contributing to
the high fecundity of eastern Pacific corals include (1) seasonally prolonged reproductive
activity, (2) small size of mature gametes allowing for production of high numbers, (3) split
spawning with bimonthly gamete production in some species, (4) alternation of sex
maturation in gamete development, and possibly (5) their low latitudinal location under
relatively constant and high thermal conditions. Coral community persistence, reef growth
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and recovery are highly dependent on both sexual and asexual reproductive processes.
Asexual fragmentation by physical and biotic causes is particularly important, especially
for branching pocilloporid species and the fungiid coral Diaseris distorta. Asexual
propagation in massive and encrusting poritid and agariciid species is also common-place,
often the result of bioerosion and colony breakage by foraging reef fishes. Some research
areas in need of attention are noted, for example (a) timing of spawning and the behavior of
gamete release of several species, (b) life cycles of Pocillopora spp. and Millepora
intricata, and (c) effects of anthropogenic stressors on eastern Pacific coral reproduction

and recruitment.
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15.1 Introduction

Sexual and asexual reproductive functions are critical life
history processes in the maintenance, repopulation and
recovery of coral communities. This is especially true for
highly dispersed coral populations and for coral reefs subject
to frequent disturbances, such as those in the eastern tropical
Pacific. The sexual patterns, spawning modes and timing,
fecundity, and recruitment are examined in this chapter for
several coral species that contribute importantly toward
reef-building and coral community structure. In addition, the
reproductive biology of eastern Pacific corals will be com-
pared with those of reef corals in other biogeographic
regions to underline similarities and differences in relation to
environmental conditions.

A central question that emerged early in the study of
eastern Pacific coral reefs was how the small and dispersed
reefs of this region sustain growth and persist in the face of
frequent disturbances (Dana 1975; Richmond 1990).
Richmond’s (1982, 1985) initial studies in Panama sug-
gested that sexual reproduction was rare or non-existent in
Pocillopora damicornis, the principal reef-building species
in most eastern Pacific areas. This result contributed
importantly to the hypothesis that eastern Pacific reefs were
populated and maintained primarily by asexual processes
such as fragmentation, and by initial and perhaps episodic
long distance dispersal of larvae from source populations in
the central and western Pacific (Dana 1975; Richmond
1987a, b, 1990).

Studies of the reproductive biology and ecology of east-
ern Pacific corals have continued in the equatorial eastern
Pacific (EEP: Panama, Costa Rica, and the Galdpagos
Islands) from the 1980s to the present, and in Mexico
beginning in the early 2000s. As a result, sexual reproduc-
tion has been found to be prevalent among the eastern

Pacific genera of major reef-building families (Pocillopori-
dae, Poritidae, Agariciidae). In addition, less structurally
important families, such as the zooxanthellate Siderastreidae
(Psammocora spp.), Fungiidae (Diaseris), and azooxan-
thellate Dendrophylliidae (Tubastraea), have also been
shown to exhibit frequent sexual activity. New information
on the reproduction of Millepora intricata, an abundant
zooxanthellate hydrocoral in western Panama (Gulf of
Chiriqui), has also shown this species to be sexually active.

Within the present chapter, sexual reproductive processes
are first examined, followed by recruitment and the impor-
tance of asexual reproduction in conjunction with the effects
of physical and biotic (corallivory, fish foraging, bioerosion)
factors on coral fragmentation. A discussion of the region-
ally unique environmental conditions of the eastern Pacific,
and potentially stressful anthropogenic effects on coral
reproduction, conclude the chapter.

15.2 Patterns of Sexual Reproduction
15.2.1 Gonads, Gametes and Larvae

Coral gonads are not true organs but rather sites of gamete
development within or closely associated with the 12 pri-
mary mesenteries. Ovaries and testes enlarge, with devel-
oping oocytes and spermaries assuming spherical sizes and
shapes as gametogenesis proceeds. In order to quantify the
pace of gamete maturation, gonads have been assigned to
four developmental stages in eastern Pacific studies. Mor-
phological changes during development are briefly summa-
rized for both broadcast spawning and brooding species in
Tables 15.1 and 15.2. Color comparisons of gametes that
follow are based on histological preparations of Azo-
carmine G and Aniline Blue (Luna 1968).
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Table 15.1 Gonad stages employed in assessing reproductive activity in eastern Pacific broadcast-spawning corals

Interstitial cells enlarging individually;
sizes variable (20-65 pum); usually beige

Accumulation of cytoplasm, nucleus
continues to enlarge, cytoplasm dark pink

Vitellogenesis increases rapidly; nucleus
continues to grow; large clear nucleus
generally centrally located; color of
ooplasm begins to change, can be species
specific culminating in Stage IV color;
Pocillopora ooplasm peach, Porites
ooplasm darkens to red or maroon; lipid
vesicles in Porites and Pocillopora

Usually a color change in staining
(darkens); red due to Azocarmine (more
protein). Pocillopora orange, Pavona
peach or gray blue, Porites sometimes
maroon; nucleus migrates to periphery of
ova, often becomes irregular in shape;
changes in nucleus not obvious in Pavona,
Psammocora and Diaseris; zooxanthellae
begin to enter ova of Porites and
Pocillopora; thickened border is visible
just inside ova membrane of Pavona,
Porites, and Psammocora; space forms
around nucleus that separates it from
ooplasm in Porites lobata and Pocillopora
spp; more subtle color change in Diaseris
(slight), Pavona and Gardineroseris

Gonads Gametogenesis Female
Stage 1 Interstitial cells enlarging (3—20 pm
diameter); light blue, sometimes
pink; prominent nuclei; near or
entering mesoglea
Stage 11 Oocytes and spermaries enlarging;
sizes vary depending on species; no
developmentally unique or blue
characteristics
Stage 111 Period of most rapid growth
become prominent
Stage IV | Period of maturation prior to release
Spawned  Gametes released into water

column

Empty, thin blue sacs of mesoglea, often
ruptured

Male

Cluster of interstitial cells move into
mesoglea; usually stain gray, blue or beige

Further migration of interstitial cells into
spermary; mitosis of spermatocytes
begins; stain pink, raspberry, peach

Mitosis of spermatocytes, tightly packed,
regularly shaped, cells often hexagonal
from adhesion; gonadal lumen forms,
raspberry-like in appearance; spermary
generally fuchsia or pink

Spermatocyte division into spermatozoa
(purple), cells without flagella begin to fill
lumen, division occurs centrally, flagella
form (golden color), spermaries
teardrop-shaped, flagella arranged in
bouquet (Stages IV & V, Szmant et al.
1985). All species similar in appearance

Mesoglea light blue, centralized, torn,
usually with few residual spermatozoa;
gastrodermis sometimes colorless and
pufty

Based on histological preparations and staining with Heidenhain’s Aniline Blue and Azocarmine G (Luna 1965, gametocyte description scheme of

Szmant 1986)

15.2.1.1 Oogenesis

Histological preparations of Porites, Pocillopora and
Tubastraea provided more detail in oogenic development
than those of the genera Pavona, Gardineroseris, Psam-
mocora and Diaseris. Color changes occurring as develop-
ment progresses were not as evident in those species of the
latter group. Oocytes of this group contained homoge-
neously fine and grainy ooplasm. This is due in part to a less
complex condition of the yolk, which was evident
throughout development. Stages I and II oocytes of all
species generally displayed similar staining characteristics,
however, lipid vesicles appeared at one pole, most notably in
both species of Porites (P. lobata, P. panamensis). During
Stage III, oocytes generally darkened. Pocillopora oocytes

transitioned to bright peach, and in Porites oocyte gameto-
genesis progressed into deeper hues of red. In Tubastraea,
oocytes transitioned from gray (Stage I) to light pink (Stage
1) to deep pink as yolk differentiated (Stage III). And in the
Agariciidae (Pavona, Gardineroseris), some darkening was
experienced, but could be light blue, light pink or light
peach. Ooplasm remained homogeneously granular in this
family. Psammocora oocytes (two species) approximated
the characteristics of the Agariciidae, however, they were
often of an orange hue or brick red. Color change was not
observed in Diaseris oocytes, which remained yellow
throughout most of development. Stage IV Diaseris oocytes,
however, were frequently mottled with raspberry blotches,
as were sometimes agariciid oocytes.
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Table 15.2 Gonad stages employed in assessing reproductive activity in eastern Pacific brooding corals

Gonads Porites panamensis
Female Male

Stage 1 Generally same appearance as  Red-staining endodermal
broadcast spawner (Porites cells, 2.5-3.0 um diameter;
lobata); oocytes pink to red, each clustered near
5-10 pm diameter mesoglea

Stage Generally same appearance as Loose cell bundles, 10—

I broadcast spawner; oocytes
pink to red, 20-60 pm; more
cytoplasm, larger nucleus

35 um diameter; pink

Stage Generally same appearance as

I broadcast spawner; oocytes
pink to red, 60-200 pm; more
cytoplasm, larger nucleus,
some irregularly shaped
oocytes up to 350 pm in
diameter

35-170 pm diameter,

centrally

Cellular division of
spermatocytes; spermatids
(1.0-1.5 pm) migrate into
lumen then move to
periphery during further
development

Stage Nucleus darker, moves

v peripherally, zooxanthellae
begin to move into ovum,
ovum darkens

darken to red, lumen forms

Tubastraea coccinea
Female

Oocytes migrate into
gastrodermis, irregular shape
due to migration; pinkish
purple, prominent nucleus
with scant cytoplasm,
generally light pink, can be
gray blue; 15-50 pm diameter
oocyte: nucleus (1:1-1:2),
nucleolus distinct, cherry

Homogeneous cytoplasm
finely granular, smooth
appearance, edge can be
gently ruffled; light pink or
gray; prominent nucleus
colorless with smooth
textureless appearance

Size increases dramatically,
pink, yolk formation
beginning, cytoplasm
appearance no longer smooth,
yolk vesicles up to 3 pm
diameter, vesicle contents
colorless; nucleus smooth,
central, gray to lavender,
nucleus: nucleolus ~4:1,
oocyte: nucleus 4:1, oocyte
surrounded by puffy, empty,
colorless endodermal cells,
sometimes stain blue

Ova always present in tissues,
heterogeneous yolk vesicles
3-10 pm, clumps of 10
vesicles; ova darker pink to
maroon, dark red border
inside membrane (4-6 pm
wide), granular cytoplasm
between vesicles, irregular
nucleus gray to lavender,
migrates peripherally
(flattened), ova: nucleus 6.5:1,
ovum 300-800 pum; cushiony
band of puffy endodermal
cells surround ovum

P.W. Glynn et al.

Male

Loose cluster of interstitial
cells; cluster size <45 pm,
cell size 2-3 pm, enveloped
in mesoglea; nucleus
prominent; cells faint pink to

gray

Compact sphere, interstitial
cells still accumulating from
gastrodermis

Gray, much smaller than
oocytes, honey-combed;
regular sized spermatocytes,
no lumen observed, clustered,
tucked into mesenteries with
oocytes

No flagella present in tissues,
however heads pointed and
flagella very long in 70 %
ethanol- preserved spawn,
present intermittently in
tissues, color dark purple,
spermaries 150-200 pm
diameter

Based on histological preparations stained with Heidenhain’s Aniline Blue and Azocarmine G (Luna 1965, gametocyte description scheme of

Szmant 1986)

Both Psammocora spp. and Pavona varians contained
“satellite nucleoli-like structures” (approximately 2-5).
These had the same perfectly round, raspberry or dark pink
appearance as the prominent nucleolus, however, they were
significantly smaller, located in the ooplasm clustered near,
but outside, the nucleus and most noticeably in Stage III
oocytes. Their function is unknown; these could be remnants
of oocyte fusion that has been observed in at least one

species of eastern Pacific corals (Tubastraea coccinea)
where nuclear fragments were present.

Stage IV ovum development had the most obvious
changes in cell structure and coloration. A subtle to dramatic
color change was represented in Stage IV ova of many
species, and the nucleus completely migrated to the ovum
membrane. In some species where few changes could be
identified, i.e., Diaseris distorta, Stage IV ova had an “off
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center nucleus” that eventually moved to a more peripheral
location, but was never observed in preparations to be close
to the nuclear membrane. A space often formed between the
nucleus and ooplasm in late Stage IV ova of Porites and
Pocillopora species. In Pocillopora, Stage IV ova were
replete with prominent, colorless lipid vesicles/vacuoles
within the peach-colored ooplasm, presumably to aid in
buoyancy. This was not apparent in Porites spp., which
darkened to maroon and contained dense granular material
before being released.

Nuclei in Porites, Pocillopora and Pavona became
irregular in shape instead of spherical after approaching the
cell membrane. Dome, triangular, and cube shapes were
observed. Sickle or crescent shapes were in part due to the
portion of the nucleus exposed in the histological section as
it lay flattened and parallel, adjacent to the oocyte
membrane.

A notch or indentation was observed in late Stage IV ova
of Porites and Pocillopora, but was not usually present in
ova of other species. This structure had been reported pre-
viously in species other than those of the eastern Pacific
(Szmant-Froelich et al. 1985).

A border was evident just inside the plasma membrane of
developing oocytes of several species. This border was
approximately 3 um wide and was evident in species of
Porites, Pavona, Tubastraea and Psammocora. It stained
more deeply in color than the rest of the ooplasm, but dis-
played approximately the same hue. This border was most
noticeable in Porites and Tubastraea oocytes and had a
granular appearance. In Tubastraea, which has very large
oocytes (up to 800 um), the granularity was due to the
detection of numerous minute, barely-visible vesicles. Also
present in Pavona spp., this border had a more subtle, granular
appearance. Its function is unknown, but could be associated
with a cortical layer of vesicles (Harrsion and Wallace 1990)
that bursts, causing an elevation of the membrane to prevent
polyspermy at the time of fertilization. In brooders, this border
has disappeared in early Stage I planulae.

Porites evermanni is now recognized as occurring com-
monly in the eastern Pacific, but it reproduces chiefly by
asexual fragmentation (Boulay et al. 2013). Due to the high
level, year round gametogenesis observed in P. lobata, it is
likely that few if any P. evermanni were confused in the
sampling of P. lobata.

15.2.1.2 Spermatogenesis

Stage I spermaries in eastern Pacific corals are generally
similar; however, there are some differences in staining that
are characteristic of certain species. Porites Stage I spermaries
can be enlarged brown or red cells, while those in the
Agariciidae are often gray or bluish. In Tubastraea, the sper-
maries are grayish-pink to light pink and sometimes beige.
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Stage II spermaries contain cells that are of the same size,
shape and staining properties as those of Stage I. Towards
the end of this phase, the spermatocytes become densely
packed, and the prominent nucleus seen earlier has disap-
peared. Stage II spermaries generally take on more
rose-colored hues or may darken if previously pink in color.
Cells become more regular in size with less detail. Delin-
eation of developmental stages for each species was based
on overall gametogenic characteristics. Therefore, stage
delineation was determined per species and is not exactly the
same for all.

In Stage III, increased volume is due to dense packing
and increased number of mitotic products. This results in a
honeycomb appearance of the spermary. Cell coloration is
similar to that of late Stage II when mitosis often begins. No
nucleus is visible in cells that are smooth and without
inclusions. Stage III spermaries are generally dark pink,
raspberry, or peach colored, but can be light blue or gray if
the de-staining of Azocarmine is overly executed. A lumen
forming centrally gives the spermary a raspberry-like
morphology.

The most consistent characteristic in spermatogenesis of
eastern Pacific corals is the color change to deep purple,
which occurs in Stage IV. Meiosis occurs during this phase
and the color deepens as divisions increase. The lumen
becomes filled with division products as meiosis progresses
peripherally within the spermary. Spermaries in this transi-
tional phase can be magenta to purple with a variety of cell
sizes present. In the eastern Pacific studies, Szmant’s (1986)
Stages IV and V were combined; therefore both divisions
and the formation of spermatozoan tails were included in the
same stage (IV). Golden tails typically form at the end of this
phase (although not observed in Tubastraea histological
samples) and purple spermaries assume a teardrop shape
with tails aligned at the tapered end, hence the term bouquet.
Sperm heads can also occasionally be observed aligned in
radial rows.

15.2.1.3 Planula Development

In brooding species, morphological changes during planula
development can also be conveniently divided into four
stages. Table 15.3 compares planula development in the two
eastern Pacific species, Porites panamensis (zooxanthellate)
and Tubastraea coccinea (azooxanthellate). Early embryos or
Stage I planulae are released into the gastrovascular cavity or
break out of the gastrodermis. This early planula stage typi-
cally appears as a bubbly amorphous mass. Blastula or gas-
trula stages were not observed. A thin mesogleal layer is one of
the defining features of Stage II planulae, which appears as a
(blue) ring towards the periphery of the larva. Interstitial cell
formation initiated earlier, exterior to this (ectoderm forma-
tion), progresses in consecutive rows towards the mesoglea
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Table 15.3 Planula stages employed in assessing reproductive activity in eastern pacific brooding corals

T. coccinea

Bubbly and amorphous, with bright red and golden vesicles, no
longer present in mesoglea, in gastrovascular cavity, devoid of
nucleus, dark red border no longer present; yolk migrates and
channels into fingerlike projections at peripheral circumference
of larva where a row of cells forms, additional cell rows develop
progressing interiorly, center of larva more spacious, furrows
develop interiorly, interstitial cells forming along furrow

Thin concentric ring of mesoglea forms peripherally (50 pm
from edge), rows of interstitial cells exterior to mesogleal ring
are differentiating into ciliated, gland, mucous and cnidoblast

Planulae | P. panamensis

Stage 1 Dark red; 240 pm length, 200 pm diameter, red and gold
vesicles amorphous, either in gastrodermis or in
gastrovascular cavity

Stage 11 First appearance of a thin mesogleal layer, zooxanthellae
scattered inside the encircling mesoglea staining similar to
Stage I; oral pore, specialization of ectoderm and appearance
of nematocytes in late Stage II; 270 pm length, 200 pm
diameter

Stage III | First appearance of mesenteries, 325 pm length, 150 pm
diameter

Stage Larvae white when released in aquaria, planula length 400—

v 600 pum, 200-300 pm diameter (estimated) 329-512°

cell types, migrating yolk vesicles diminish in size as they
approach periphery

Oral pore forms; interior of larva clears, colorless; a temporary
space forms centrally, then colorless gastrodermal cells begin to
form a central network peripherally to the mesoglea, few vesicles
remain in this area

Mesenteries with mesenterial filaments forming from grainy
gray/blue material aggregating linearly through the gastrodermis
and eventually encircling oral pore; larvae are bright orange
when released; planula length highly variable, ranging from 0.5—
1.0 mm in live larvae, 300-500 pum diameter

Based on histological preparations and staining with Heidenhain’s Analine Blue and Azocarmine G (Luna 1965) and stage IV live larvae. Porites
panamensis chiefly from Smith (1991); Tubastraea coccinea from Glynn et al. (2008)
“Range of planula diameters sampled at La Entrega Bay, Huatulco, Mexico (Rodriguez-Troncoso et al. 2011)

and differentiation of cell types begins. Stage III planulae are
generally elongate with an oral pore opening into the gas-
trovascular cavity. Differentiation of the ectodermal cell types
continues. Formation of Stage IV planulae results in the pos-
session of two or more mesenteries with mesenterial filaments
that can be well developed. Cells of the gastrodermis are
formed. The planulaec of Porites panamensis enlarge as
development proceeds, from 200-300 pm in length in early
stages to 400-600 pm in length in Stage IV. Tubastraea
planulae were 0.5 to 1.5 mm in length when released. Addi-
tional developmental changes in yolk color and disposition,
appearance of mesoglea and mesenteries, and cellular differ-
entiation are noted in Table 15.3.

15.2.1.4 Histological Documentation

To substantiate the prevalence of sexual reproduction in
eastern Pacific corals, following is a collection of photomi-
crographs of the reproductive products of 11 coral species
from Mexico to equatorial locations. [Sampling sites and
some relevant oceanographic conditions are noted in
Fig. 15.1a, b. The reader is referred to Fiedler and Lavin
(Chap. 3) for more details.] Three abundant species in Ban-
deras Bay, Mexico demonstrate the hermaphroditic condition
(Pocillopora damicornis, Fig. 15.2a, b), the gonochoric
condition with mature ovaries and a spermary with the
bouquet arrangement (Porites panamensis, Fig. 15.2c, d),
and Stage IV ova and Stage III spermaries with
centrally-located lumina (Pavona gigantea, Fig. 15.2e, f) of a

species that demonstrates a mixed sexual pattern. Zooxan-
thellae are visible within a mature ovum of P. panamensis
(Fig. 15.2¢).

Stages I[-IV ovaries are present in Porites panamensis
from Uva Island, Panama (Fig. 15.3a—c). Advanced vitello-
genesis is evident in Stage IV ova (Fig. 15.3b, c). A mature
ovum is readily identified by its crescent-shaped nucleus that
has migrated to the peripheral cell membrane (Fig. 15.3c).
Numerous zooxanthellae are also visible in mature ova. All
spermary stages (I-IV) are present in Fig. 15.3d—f, including
the centrally located lumen in Stage III and a presumed empty
spermary (‘x’) after spawning. Early Stage I larvae are typ-
ically irregularly shaped and contain abundant lipid stores
(Fig. 15.4a). A thin mesogleal layer divides the ciliated
ectoderm and gastrodermis in Stage II larvae (Fig. 15.4b). An
oral pore, cnidocytes and mesenteries are present in Stage II1
planulae (Fig. 15.4c). Mesenterial filaments make their
appearance in Stage IV planulae (Fig. 15.4d). Zooxanthellae
are present in all larval stages with a tendency to aggregate
peripherally in the gastrodermis, just inside the mesoglea, as
development proceeds.

The disposition of gonads in advanced stages of devel-
opment in seven broadcast spawning species is illustrated in
Figs. 15.5a—f and 15.6a, b. Numerous Stage IV spermaries
are visible in the cross-section of most of the 12 mesenteries
surrounding the gastrovascular cavity in many Porites
lobata polyps (Fig. 15.5a). Of the agariciid species, Stage IV
ova are arranged longitudinally along the mesenteries of
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Fig. 15.1 a Locations of reproductive sampling sites and b oceano-
graphic conditions across the eastern tropical Pacific. a MNP, MCP,
MSP, Mexico northern (25'N), central (20°N), and southern (15°N)
Pacific; MSP includes Entrega Bay, Montosa and Riscalillo sites; Gulf
of Chiriqui, Panama includes Uva I and Bahia Honda sites; Gulf of
Panama includes Taboga I and Saboga I sites; Galapagos Is include
Santa Cruz I, Itabaca Canal, Floreana I and Playa La Picona. BC Baja
California; ES El Salvador; CR Costa Rica. Oceanic islands: Rev
Revillagigedo Is; Clp Clipperton Atoll; Coc Isla del Coco; Mal
Malpelo I; Gal Galapagos Is. Equatorial eastern Pacific (EEP) sites,

Pavona gigantea (Fig. 15.5b). Two clusters of Stage III
ovaries are present at the bases of mesenteries in Pavona
clavus (Fig. 15.5¢). Stage IV spermaries, several with bou-
quet arrangements of spermatozoa, are shown for Pavona
chiriquiensis (Fig. 15.5d) and Pavona varians (Fig. 15.5e,
f). Bouquet structures are also shown for Gardineroseris
planulata (Fig. 15.6a) and Psammocora stellata (Fig. 15.6b)
with free spermatozoa in the former section. An advanced
planula of azooxanthellate Tubastraea coccinea, in transi-
tion between Stages III and IV, shows clear colorless areas

(b) 7
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study areas between 11°N and 2°S, include Costa Rica, Panama, and
Galéapagos Islands. b Dotted lines off Mexican coast denote limits of
frontal boundary between California Current and tropical surface
water. CRCC Costa Rican Coastal Current; dashed lines denote
positions of Intertropical Convergence Zone (ITCZ) in October and
April. Panama Current flows seasonally from the Panama Bight
towards the Galapagos Islands from January to mid-April. Bold arrows
denote upwelling centers at Cabo Pulmo, Baja California, Gulf of
Tehuantepec (Mexico), Gulf of Papagayo (Costa Rica/Nicaragua), Gulf
of Panama (Panama), and western Galapagos Islands

that are gastrodermal anlage and gray granular strings that
will form mesenteries (Fig. 15.6¢). Asynchronous sperma-
tocyte development (Stages II-IV) and a single Stage II
oocyte (with nucleus and nucleolus) illustrate the hermaph-
roditic condition of 7. coccinea (Fig. 15.6d).

Sexual reproduction in the hydrozoan coral Millepora
intricata begins in the sessile polypoid generation by the
budding off of male and female planktonic medusae (Soong
and Cho 1998; Lewis 2006). Evidence of sexual reproduction
was difficult to detect in M. intricata, which is restricted in
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Fig. 15.2 Photomicrographs of gonads from corals sampled at
Banderas Bay, Mexico. a, b Pocillopora damicornis simultaneous
hermaphrodites with ovaries and spermaries. ¢ Porites panamensis
Stage IV ovum with zooxanthellae. d Porites panamensis Stage IV

spermary. e Pavona gigantea Stage Il oocytes. f Pavona gigantea
Stage III spermaries. Staining: a, c—f, Azocarmine G and Toluidine
Blue (Humason 1967); b, Mallory Heidenhain. ov ovary, sp spermary,
n nucleus, nu nucleolus, z zooxanthellae
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Fig. 15.3 Photomicrographs of gonads from Porites panamensis, Uva
Island study reef, Gulf of Chiriqui, Panama. a Ovary with Stages I, II
and III oocytes. b Stage IV ovum. ¢ Stage IV ovum. d Spermary with
Stages I and IV spermatocytes. e Stage Il spermary. f Stages II and IV

distribution to the Gulf of Chiriqui (Panama) in the eastern
Pacific. Histological preparations, however, did demonstrate
gametogenesis. A developmentally advanced medusa with
two oocytes, one large with a nucleus present and a small
portion of one near the ring canal, is shown in Fig. 15.6e.
Zooxanthellae are visible in the large oocyte. Two immature
medusae within their respective ampullae are shown in
Fig. 15.6f. The medusa in the lower left corner contains two

spermaries, ‘X’ denotes probable location of spent spermary. Staining:
Heidenhain’s Aniline-blue (Luna 1968) and Azocarmine G. sp
spermary, n nucleus, / lipid vesicle, z zooxanthellae

developing oocytes. These specimens were collected in
January, but due to sparse data, the timing and seasonality of
gamete production was not delineated for this species.

15.2.1.5 Sizes of Sexual Products

Critical metrics in assessing the fecundity of corals are gonad,
gamete and planula sizes, and their rates of growth and pro-
duction during the reproductive period. The size ranges of
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Fig. 15.4 Photomicrographs of Porites panamensis planulae, Uva
Island reef, Gulf of Chiriqui, Panama. a—d Stages I-IV planula larvae
respectively. Staining: Heidenhain’s Aniline-blue and Azocarmine G.

oocytes and spermaries (minimum and maximum diameters),
and the mean mature ova sizes and planula volumes are
summarized in Tables 15.4 and 15.5, respectively, for the
principal reef-building and reef-associated eastern Pacific coral
species. It is important to note that size measurements were
derived largely from histologically processed samples. These
measurements do not take into account shrinkage of cells and
tissues that may range from 15 to 30 % (Harriott 1983; Glynn
et al. 2008). This issue, and adjustments to compensate for it,
is considered later under Fecundity (Sect. 15.4).

Mature ova (Stage IV) in broadcast spawning species
commonly ranged from about 50-150 pm in diameter
(Table 15.5). Ova in brooding corals were considerably lar-
ger, ranging from 300 to 800 pm in diameter. The planulae of
brooding species (Porites panamensis and Tubastraea coc-
cinea) were considerably larger than the ova of spawning
species. This is a general trend across different coral reef
regions (Harrison and Wallace 1990). Mean ovum volume
measurements of broadcast spawning species were similar
among species and across localities. Mature spermaries
(Stage IV) ranged from about 50-250 pm in diameter.

Roman numerals denote planula stages. o oral pore, ¢l cilia, cn
cnidocytes, ec ectoderm, m mesentery, mg mesoglea, s septal filament,
z zooxanthellae

Ovum sizes of nine species at four localities in the EEP
demonstrated relatively similar dimensions with mean
diameters that ranged from 90 to 117 pm (Table 15.5). Only
Tubastraea has larger ova, beyond the range of the others.
There are some apparent size differences with the sampled
ova of Mexican corals, but whether these are consistently
different will require further study. For example, at all EEP
sites the mean diameters of Pavona gigantea ova exceeded
100 pm whereas at Banderas Bay, Mexico mean ovum
diameter was 71 um with a maximum diameter of 107 pm
(Carpizo-Ituarte et al. 2011). Porites panamensis ova in
Mexico, ~ 140 pm at Banderas Bay and 132-287 um at
Huatulco (unpub. data), overlap the EEP population at Uva
Island, Panama with diameters of 60-250 pum (Smith 1991).
Planula diameters of P. panamensis in southern Mexico
(Huatulco), however, that ranged from 329 to 512 pm were
notably larger than those reported from Panama, 170—
330 pm (Uva Island) and 174 pm (Gulf of Panama,
Table 15.5). Maximum diameters of Stage IV ova of
Pocillopora verrucosa and Pocillopora meandrina from Isla
Gaviota, Bahia de La Paz, Mexico were 116 um
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Fig. 15.5 Photomicrographs of gonads. a Stage IV spermaries and Chiriqui) with several Stage IV spermaries. e Pavona varians with
associated mesenteries in Porites lobata (Santa Cruz I, Galapagos Is). numerous Stage IV spermaries (Uva I, Gulf of Chiriqui). f Pavona
b Pavona gigantea with several Stage IV ova (Itabaca Canal, varians with Stage IV spermaries (Uva I, Gulf of Chiriqui). Staining:
Galépagos Is). ¢ Pavona clavus (Saboga I, Gulf of Panama) with two  Heidenhain’s Aniline-blue and Azocarmine G. m mesentery, msg
clusters of Stage III oocytes. d Pavona chiriquiensis (Uva I, Gulf of mesoglea, b bouquet, gvc gastrovascular cavity
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Fig. 15.6 Photomicrographs of reproductive structures of sclerac-
tinian corals and hydrocorals sampled at various sites in the equatorial
eastern Pacific. a Gardineroseris planulata (Cafio I, Costa Rica) with
Stage IV spermaries. b Psammocora stellata (Floreana I, Galapagos Is)
with Stages III and IV spermaries. ¢ Tubastraea coccinea planula,
Stage III (Uva I, Gulf of Chiriqui). d Tubastraea coccinea (Uva I, Gulf
of Chiriqui) with Stages I, II, III, IV spermaries, and Stage II oocyte.

200 pm

Eids

=

e Millepora intricata (Uva I, Gulf of Chiriqui) with a developing
medusa. Parts of two oocytes visible, one with nucleus. f Millepora
intricata (Uva 1, Gulf of Chiriqui), two medusae within ampullae.
Developing oocytes at periphery. Staining: Heidenhain’s Aniline-blue
plus Azocarmine G. s spermatozoa, ooc oocytes, ov ovum, f sperm
flagella, lip lipid vesicles, ¢ cnidocytes, msg mesoglea, m mesentery,
z zooxanthellae, rc¢ medusa ring canal, amp ampulla
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Table 15.4 Minimum and maximum gonad diameters (um) of 13 eastern Pacific coral species at various stages of development

Gonads PDAM? PLOB PGIG GPLA  PCHR PCLA DDIS PSTE PPRO  PPAN TCOC
PELE PVAR
Oocyte 1 10-20 6-21 5-14 5-14 <15-18 <20 12-20 9-24 9-24 5-10 5-50
Oocyte I | 2040 21-33 10-30 22-35 15-38 20-50 22-62  24-65 24-65 20-60 50-160
Oocyte IIT | 40-80 33-160 30-100  35-110 | 38-100 50-80 64-88  60-100 60-100  60-350 150-300
Oocyte IV | 100 135-170  54-216  62-114 >100 50-120 88—-140 1 90-135 90-135 ~300 300-800
Sperm1  -° (~5)¢ 10-15 1015  (1-5) (3-5) 1520 424 424  20-30 <45
(8-10)
Sperm II €60-90 27 (10)d 15-30 15-30  up to 25 20-35 24-40  24-45 24-45 10-35 ~60
(5-25)
Sperm III | 110-170  27-260 30-130  30-130 30-120 40-200° 40-22 | 39-64 39-64 35-170 ~175-200
(>25)
Sperm IV | 180-270 | 132-230° 120-180 50-112  ~120 60-200 >84 64-120  64-120 170 150-200

Data are measurements from histological material chiefly from EEP localities in Costa Rica, Panama, and Galdpagos Islands (from various
publications by Glynn et al. 1991-2012; Smith 1991; Colley et al. 2000)

Species codes: PDAM, Pocillopora damicornis; PELE, Pocillopora elegans; PLOB, Porites lobata; PGIG, Pavona gigantea; GPLA,
Gardineroseris planulata; PCHR, Pavona chiriquiensis; PVAR, Pavona varians; PCLA, Pavona clavus; DDIS, Diaseris distorta; PSTE,
Psammocora stellata; PPRO, Psammocora profundacella; PPAN, Porites panamensis; TCOC, Tubastraea coccinea

"Gamete classification scheme of Szmant (1986) employed with exception of Stage IV spermaries; small clusters of interstitial cells located near or
entering mesoglea, sizes not stated

“Spermary II diameters from Mexican samples (Carpizo-Ituarte et al. 2011)

INumber of cells noted in parentheses

°The 132 diameter value is the mean of 20 measurements from Cafio Island

fSpermary I and IV values for Pavona clavus are from gonads sampled in the Galapagos Islands

Table 15.5 Mean ovum and planula diameters (um), and ovum and planula volumes (mm3 ) for ten taxa at four EEP locations

Species Location Authority
Caiio 1 Uva I G Panama® Galapagos Is.
Porites lobata 168 (2.5 x 1073 136 (1.3 x 1073) - 51 (7.0 x 107%)®  Glynn et al. (1994)
Porites panamensis® - 60-250 174 (5.5 x 1 0_3) - Smith (1991)
170-330 (2.0 x 107%)
Tubastraea coccinea® 459 (7.1 x 1073 467 (6.9 x 107 494 (8.6 x 107 503 (8.8 x 107 | Glynn et al. (2008)
258 (2.1 x 1071) 252 (2.0 x 1071)
Pavona gigantea 104 (6.4 x 107 114 84 x 107% 117 9.0 x 10 104 (6.9 x 10™* | Glynn et al. (1996)
Gardineroseris planulata 117 (8.8 x 1074 107 (7.2 x 1074) - - Glynn et al. (1996)
Pavona spp* 106 (7.6 x 1074 103 (74 x 1074 112(8.0 x 107 113 (8.2 x 10™*)  Glynn et al. (2000)
Pavona clavus 88 (4.1 x 1074 89 (4.6 x 107 84 (3.6 x 107 90 (4.1 x 107 Glynn et al. (2011)
Psammocora stellata 99 (5.6 x 1074 92 (4.6 x 1074 93 (4.7 x 1074 95 (4.8 x 1074 Glynn et al. (2012)
Psammocora profundacella | 90 (4.1 x 107%) 94 (4.8 x 1074 - 95 (4.8 x 1074 Glynn et al. (2012)
Diaseris distorta - - - 104 (6.2 x 1074 Colley et al. (2000)

Volume measurements in parentheses, planula measurements in italics

“Combined measurements from Taboga and Saboga Is, Gulf of Panama

®Dimensions from a single ovum; only one mature ovum available from 89 colonies examined

“Maximum diameter and volume (in parentheses); planula measurements in italics. Planula diameters were not measured directly, but only live,
recently released (few hours) and non-swimming larval lengths. A mean length:diameter ratio was established (L:D = 4.3:1) based on larval body
proportions in photomicrographs and sketches

dCombined measurements from Pavona varians and Pavona chiriquiensis

(Campos-Vazquez et al. 2014), and comparable to the Ovum and planula sizes of Tubastraea coccinea were
100 um ova of equatorial eastern Pacific Pocillopora dam- markedly larger than those of P. panamensis at two localities
icornis and Pocillopora elegans of Glynn et al. (1991). in Panama. At Uva Island, the azooxanthellate 7. coccinea
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planula volume was two orders of magnitude larger than in
P. panamensis (Table 15.5). If some of these differences can
be substantiated it would be of interest to explore the pos-
sibility of environmental effects, especially in upwelling and
nonupwelling areas.

Ovum sizes in broadcast spawning Pocillopora and
Porites species in the northern Red Sea (Boumeester et al.
2011) and on the Great Barrier Reef (Schmidt-Roach et al.
2012) are within the same size range as comparable eastern
Pacific species, i.e. 100-180 pum in diameter. Eastern Pacific
Pavona varians and Pavona chiriquiensis, however, produce
mature ova only slightly exceeding 100 pm at all localities.
Compared with coral faunas in the Caribbean (Szmant 1986)
and Indo-Pacific (Harrison and Wallace 1990; Shlesinger
et al. 1998), where egg diameters of diverse genera generally
exceed 200-300 pum, eastern Pacific species produce eggs
that are small. The planula larvae of Porites panamensis, the
only zooxanthellate brooder in the eastern Pacific, are also
considerably smaller than the larvae of other brooding spe-
cies from the Caribbean (2—8 times smaller than in Agaricia)
and Great Barrier Reef (3-9 times smaller than in Acropora)
listed in Harrison and Wallace (1990).

15.2.1.6 Spermatozoa Morphology

The single study of the ultrastructure of spermatozoa in
eastern Pacific corals examined Pavona gigantea and
Pocillopora spp. in Costa Rica (Steiner and Cortés 1996).
This study revealed inconsistencies with other suggested
sexual patterns. Harrison’s survey (1990) and review (2011)
have shown that the more primitive conical-shaped sperm
heads are mostly associated with gonochoric species, sug-
gesting that gonochorism is an ancestral trait in the Scler-
actinia. However, Pavona gigantea with conical type sperm
demonstrated a mixed sexual pattern of gonochoric and
hermaphroditic colonies with hermaphrodites predominant
at some localities. Pocillopora damicornis and Pocillopora
elegans with bullet-shaped sperm heads and elongated
mitochondria are also hermaphrodites but conform closely to
acroporid corals. Harrison (1990) suggested that the sperm
morphology of hermaphroditic corals may be better suited
for swimming, which could reduce rates of self-fertilization
in species releasing combined sperm/egg bundles. However,
eastern Pacific Pocillopora species, although simultaneous
hermaphrodites, most likely do not form gamete bundles,
therefore this pattern may not apply in this case.

Molecular phylogenetic analyses suggest that the Scler-
actinia consist of two large clades, the Robust and Complex
corals that diverged early in the evolutionary history of the
order (e.g., Romano and Palumbi 1996; Fukami et al. 2008).
Pocilloporid and acroporid corals are now recognized as
members of the Robust and Complex molecular clades,
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respectively (Kerr 2005; Fukami et al. 2008). This suggests
that sperm morphology is more closely linked to sexual
pattern than to phylogenetic relationship.

15.2.2 Sexuality and Mode of Development
Sexuality and mode of development are summarized for 13
scleractinian corals in six families in relation to colony mor-
phology and presence of zooxanthellae in mature ova
(Table 15.6). Six species, in the families Poritidae (Porites
panamensis, Porites lobata), Siderastreidae (Psammocora
spp.), Agariciidae (Pavona clavus) and Fungiidae (Diaseris),
are stable gonochoric. Three species were simultaneous her-
maphrodites, two in the family Pocilloporidae (Pocillopora
damicornis, P. elegans) and one in the family Dendrophylli-
idae (Tubastraea coccinea). Mixed breeding systems, with
some colonies demonstrating both gonochoric and hermaph-
roditic sexuality, occurred in all five species in the family
Agariciidae (Table 15.6). In addition, Pocillopora verrucosa
and Pocillopora meandrina in Bahia La Paz, Mexico are
simultaneous hermaphrodites (Campos-Vazquez et al. 2014),
and Pavona gigantea at four locations off the Oaxaca coast in
the southern Mexican Pacific were found to have mixed
breeding systems (Santiago-Valentin et al. 2015).

It is unclear if Tubastraea displays a mixed breeding
system or is simultaneously hermaphroditic. Each polyp
section is dominated by the intense staining and character-
isitic large sizes of Stages III and IV oocytes. This makes
earlier stages of female gametes and male gametes difficult to
detect and less numerous in the section viewed. It appears
that this species is simultaneously hermaphroditic with
spermaries appearing at certain times of the year, while
oocytes are present year round. The life histories of the
simultaneous hermaphroditic genera seem to be very differ-
ent, since one of them, Tubastraea, is a brooder with sper-
maries identified in only a few polyps, while Pocillopora
spp. contain approximately the same number of oocytes and
spermaries in many polyps, and are broadcast spawners.

In four of the mixed breeding agariciid species, the propor-
tion of hermaphroditic colonies was relatively high, ranging
from 16.0 % (Gardineroseris planulata) to 70.7 % (Pavona
chiriquiensis). Sequential cosexual hermaphroditism, or alter-
nating maturation of different sex gametogenesis, has been
established in these species (Glynn et al. 1996, 2000). Within
this hermaphroditic condition, a cosexual sequential colony
alternates maturation of each gender, and therefore, alternates
between release of male gametes during one spawning episode
and then mature female gametes during the next spawning
event. Therefore, cosexual sequential hermaphroditic colonies
function gonochorically during breeding season periods.
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Table 15.6 Sexuality and mode of development in 13 scleractinian coral species in six EEP families in relation to colony morphology and

occurrence of zooxanthellae in mature ova

Species Gender Mode Hermaphroditic development Morphology Zooxanthellae”
Pocilloporidae

Pocillopora damicornis H SG SM branching +
Pocillopora elegans H SG SM branching +
Poritidae

Porites lobata G* SG N/A massive

Porites panamensis G BP N/A encrusting

Agariciidae

Pavona gigantea M (64.5 %) SG SC massive -
Pavona clavus G® (3.3 %) SG SC massive -
Pavona varians M (33.6 %) SG SC encrusting -
Pavona chiriquiensis M (70.7 %) SG SC encrusting -
Gardineroseris planulata M (16.0 %) SG SC massive -
Siderastreidae

Psammocora stellata G SG N/A loose nodular, subramose -
Psammocora profundacella G SG N/A encrusting® -
Fungiidae

Diaseris distorta G SG N/A loose, solitary -
Dendrophylliidae

Tubastraea coccinea H BP SM cryptic -

Gender: H hermaphrodite; G gonochoric; M mixed (percent hermaphrodites compared with single sex colonies). Mode of larval development: SG
spawn gametes; BP brood planulae. Hermaphroditic development: SM simultaneous; SC sequential cosexual; N/A not applicable
“Predominantly gonochoric at four localities; 14 % of 50 colonies from Costa Rica were hermaphroditic (Glynn et al. 1994)

bPredominantly gonochoric, hermaphroditic colonies occasionally found

“Sometimes cemented to substrate, sessile
9Zooxanthellae present in ova and larvae

Two of the stable gonochoric species also displayed a
minimal percentage of sequential cosexual polyps. A small
proportion (<1 %) of sampled colonies of the agariciid
Pavona clavus was hermaphroditic over three locations.
Porites lobata (Poritidae) exhibited 14 % hermaphroditic
colonies (n = 50) from Costa Rica and stable gonochorism at
other localities (Glynn et al. 1994). These species were clas-
sified as stable gonochoric as per Harrison (2011); in cases
where hermaphrodites are relatively rare, the species can be
considered to exhibit stable gonochorism and are classified as
gonochoric (Harrison 2011; sensu Giese and Pearse 1974).

Brooders in the eastern Pacific, Tubastraea coccinea and
Pavona panamensis, have life history strategies that appear to
be very different. Tubastraea coccinea is a cryptic, her-
maphroditic, azooxanthellate ahermatype, while P. pana-
mensis is an encrusting, gonochoric, phototrophic species
with zooxanthellae present in both ova and planulae. Colo-
nies of T. coccinea contain female gametes of several stages
year round, but male gametes were detected in only 3.7 % of
tissue samples, and spermaries were significantly smaller
than the eggs (Table 15.4). This may be due in part to the
small size and faint staining characteristics of Tubastraea

spermaries. An equal sex ratio, approximately 1:1, was evi-
dent in gonochoric P. panamensis (see Sect. 15.2.3). Sper-
mary maturation in 7. coccinea generally followed the
sequence of planulae development at sampled locations, and
sperm release in this species was observed in Panama and the
Galapagos Islands (1-5 nights after full moon). Planula
release in both brooding species was greatest at full moon
with some new moon activity. Planulae of P. panamensis are
much shorter in length (400-500 pm) than those of 7. coc-
cinea, which are bright tangerine (same color as adults) and
are 0.5-1.5 um long. Both species seem to settle close to the
maternal colonies, however, the dispersal distance of T.
coccinea may typically be of shorter range. Tubastraea
coccinea populations can be found clustered in mass on reef
frameworks or more generally on non-carbonate rock sub-
strata, commonly under subdued light conditions, while
P. panamensis can form separate nodular colonies dispersed
across reef-rubble substrates. Porites panamensis can recruit
to basalt outcrops and contribute to reef coral cover as well.
Tubastraea contributes little to reef structures, although it has
invaded and recruited to many coral communities and reefs in
the Pacific and Atlantic regions (Fenner 2001; Fenner and
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Banks 2004; Figueira de Paula and Creed 2004). In addition,
T. coccinea thrives in the Galapagos Islands, while the
zooxanthellate poritid brooder does not occur at this location,
but is endemic only to eastern Pacific mainland localities
(Glynn and Ault 2000).

In the Indo-Pacific and Caribbean, many major reef building
corals form gamete bundles just prior to spawning. Gamete
bundle formation requires that polyps be simultaneously her-
maphroditic and that both sex gametes are mature and ready for
release concurrently. Although simultaneous hermaphroditic
maturation exists in the tissues of eastern Pacific Pocillopora
damicornis and Pocillopora elegans at and near full moon, no
spawning activity has been witnessed in this region, and
therefore no reports of gamete bundle formation. No evidence
of this trait has been detected in hundreds of tissue samples
collected around the suspected time of spawning.

In other regions, broadcast spawning species of Pocillo-
pora have been observed to release gametes of both sexes in
a gamete cloud. Pocillopora verrucosa, P. meandrina,
P. damicornis, and P. eydouxi on the Great Barrier Reef
were observed in aquaria to release gametes separately into
the water column (Schmidt-Roach et al. 2012). In Okinawa,
Japan and in the central Red Sea, Pocillopora verrucosa was
observed to spawn clouds of mixed sex gametes in aquaria
and in the field, respectively (Boumeester et al. 2011).
Pocillopora eydouxi (also found in the eastern Pacific) was
observed to freely spawn both sexes of gametes during the
daytime in Okinawa (Kinzie 1993). Therefore, although
Pocillopora species are the major reef builders in the eastern
Pacific, this genus may likely not bundle gametes.

Hybridization of similar species, which is reported as a
result of mass spawning events (Willis et al. 1993, 2006;
Richmond 1997), may be possible in eastern Pacific corals.
Pocillopora damicornis usually dominates reef flat habitats,
but two additional species in this genus (Pocillopora elegans
and Pocillopora eydouxi) are also often present in this zone.
However, while lunar cycles of gamete maturation in two of
these species (P. elegans and P. damicornis) are very similar,
interannual monthly activity may vary. The potential for
hybridization also exists within the family Agariciidae, but
seasonal trends of each of these species at eastern Pacific
locations can be very different, making this less likely,
especially due to low population densities and dispersed
species’ distributions.

Eastern Pacific corals exhibit a preponderance of species
with mixed breeding systems. Most agariciid species have
developed functional gonochorism within the hermaphroditic
mode. Even poritids, whose species generally display stable
gonochorism, exhibited some evidence of hermaphroditism
(e.g., Porites lobata in Costa Rica). Although this breeding
strategy is prevalent in the eastern Pacific, mixed breeding
systems and sequential cosexual hermaphroditism have
rarely been reported in the scleractinian literature. Guest et al.
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(2012) noted this condition in Diploastrea heliopora, a
broadcast spawner near Singapore with predominantly
gonochoric polyps. The colonies contained male, female and
a low proportion of cosexual polyps with the most plausible
explanation being that polyps switch sexes with oogenic and
spermatogenic cycles occasionally overlapping. This condi-
tion occurred in corals on equatorial reefs that were chroni-
cally impacted near a large urban center.

Other cases of mixed breeding systems have been
reported in different biogeographic regions. These are listed
in Harrison (2011) with their respective sources. Caribbean
agariciids (two species from Curagao), Porites astreoides in
both Puerto Rico and Caribbean Panama, Monomyces
rubrum (Flabellidae) from South Africa, and members of
the Fungiidae, Fungia scutaria in the Red Sea, Heliofungia
actiniformis at Palau and Sandalolitha robusta in Hawaii
all have displayed mixed breeding characteristics. In
addition, Waller et al. (2005), in Guest et al. (2012), dis-
covered all samples of three Atlantic, deep-sea species of
Caryophyllia (Caryophylliidae) to contain gametes of both
sexes, but with only one sex viable at a time (sequential
cosexuality).

Therefore, the sequential cosexual strategy may be more
common than originally considered. There may be a
genetic/systematic component to the development of this
type of sexual system or this strategy may develop in species
adapted to more equatorial environs, to extreme or marginal
habitats or perhaps both. Regardless of the conditions that
may induce the development of this reproductive pattern,
such corals are common in the eastern Pacific region, and
numerous populations with mixed sexual systems have
survived here. The agariciids with mixed sexual systems
comprise more than a third of EEP species.

15.2.3 Sex Ratios and Sex Allocation

The sex ratios of eastern Pacific coral populations are
influenced by fragmentation resulting from a variety of
disturbances. Sea surface temperature extremes associated
with ENSO events, seasonal upwelling, and variable water
temperature result in an ecosystem often at the limits of coral
habitation. The sex ratio of simultaneous hermaphrodites,
such as species of Pocillopora, mature gametes of both sexes
at the same time thereby exhibiting colony sex ratios of 1:1.
Sequential cosexual hermaphroditism, wherein male and
female gamete maturation alternates in each colony, should
also display a 1:1 sex ratio. Although the spawning activities
and sex ratios of individual colonies have not been tracked in
the eastern Pacific, any deviation from 1:1 sex ratios per
spawning event would be “balanced” over time for both
sexes in alternating cycles of gametogenesis. The sex first
matured in each colony may be genetically determined, and
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Table 15.7 Sex ratios of 12 zooxanthellate and one azooxanthellate scleractinian corals of varied sexual patterns

Species

Pocillopora damicornis

Pocillopora elegans

Porites lobata

Porites panamensis

Pavona gigantea

Gardineroseris planulata

Pavona varians

Pavona chiriquiensis

Pavona clavus

Psammocora stellata

Psammocora profundacella

Diaseris distorta

Tubastraea coccinea

*H hermaphrodite; G gonochoric; M mixed, with a high proportion of H or G colonies

Locality

Caiio 1
Uval
Galapagos Is
Caiio 1
Uval
Galapagos Is
Caiio 1
Uval
Huatulco?
Taboga 1
Huatulco®
Uval
Taboga I
Galapagos Is
Uval

Caiio 1

Uva l
Taboga 1
Uval
Galapagos Is
Caiio 1
Uval
Galapagos Is
Caiio 1
Uval
Saboga 1
Taboga 1
Galapagos Is
Uval
Galapagos Is
Galapagos Is
Cafio I
Uval
Saboga I
Taboga 1
Galapagos Is

Sexuality®

H

G/M®

Sex ratio”
Ovaries
23

39

10

62

67

28

32

30

31
18
5
26
19
41
16
18
10
43
17
18
57
16
76
16
0
12
28
19
15
20
64
64
64
154

Spermaries
22
43
10
66
61
17
18
35

28
13
17
26
13
21
8

32
9

29
4

20
17
13
3

36
30
10
13
85
6

10

23

®Ovary and spermary counts are for presence of respective gonad genders in H, G or M colonies
“Yates’ correction uniformly applied

“Huatulco sampling from Rodriguez-Troncoso et al. (2011); *-> indicates not reported
°Five hermaphroditic colonies reported, representing <1 % sampled at three locations

°Hes
1.0:1
0.9:1
1.0:1
0.9:1
1.1:1
1.6:1
1.8:1
0.9:1
0.4:1
1.1:1
1.0:1
1.4:1
0.3:1
1.0:1
1.5:1
2.0:1
2.0:1
0.6:1
1.1:1
1.5:1
4.2:1
2.0:1
2.8:1
0.9:1
5.8:1
5.3:1
0:1
0.4:1
2.8:1
1.5:1
0.2:1
3.3:1
6.4:1
7.1:1
10.3:1
6.7:1

451

Chi Square®

ns
ns
ns
ns
ns
ns
ns
ns

ns
ns

0.02>p>0.1

ns

ns

0.025 > p > 0.01
ns

0.05 > p > 0.025
ns

ns

0.005 > p > 0.001
ns

p < 0.001

ns

p < 0.001

0.01 < p < 0.005
p < 0.001

0.01 < p < 0.005
0.005 < p < 0.001
ns

p < 0.001

p <0.01

p < 0.001

p < 0.001

p < 0.001

p < 0.001

therefore the proportion of colonies maturing each sex may hermaphrodites (Pocillopora spp.), and sequential cosexual
hermaphrodites (agariciid species), sex allocation may
become more key in gonochoric and brooding species.

not be equal at any given time. Although sex allocation
would seem to be approximately equal in simultaneous
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Except for Porites spp., the sex ratios of species that are
gonochoric and/or displayed little sequential cosexual her-
maphroditism frequently deviated from 1:1 (Table 15.7).
(Only poritid samples of sufficiently large size, n > 50
colonies, were tested.) Dominance of a particular sex was
not consistent from site to site for any particular species.
This could result from frequent disturbances to study
(monitored) populations and/or from fragmentation creating
clonal populations. For gonochoric species in the eastern
Pacific, difficulty in finding a mate could be pronounced,
thereby reliance on asexual fragmentation for propagation of
these species may be significant.

The burden of generating sufficient energy in gonochoric
species appears to be on those colonies that produce eggs,
which may require more energy to produce than spermaries
(Charnov 1982; Harrison and Wallace 1990). In several EP
broadcast spawning species, the sequential hermaphroditic
mode of development may allow for efficient allocation of
reproductive resources and also offer all colonies of a species
the potential to contribute to each spawning event. Two
stable gonochoric species, Porites lobata and Pavona clavus,
did display some degree of cosexual hermaphroditism. A low
incidence of hermaphroditism (2.7 %) was also detected in a
population of Porites porites subjected to urban and indus-
trial pollution (eutrophication) in Barbados, West Indies
(Tomascik and Sander 1987). Therefore, the reproductive
mode in these corals may be more malleable than previously
recognized and sequential hermaphroditism in at least some
EP coral populations may be a response to local stressors.

Sex ratios, and therefore sex allocation, in eastern Pacific
brooding species are very different. The gonochoric brooder,
Porites panamensis had approximately equal female to male
numbers (1.1:1 Taboga Island, Gulf of Panama and 1:0.5
Caiio Island). About the same proportion of colonies sampled
contained planulae (sporadic sampling, pooled over several
years) (Glynn et al. 1994). Smith (1991) reported a 1:1 sex
ratio for this species at Uva Island whose population was
probably recruited after the1982-1983 El Nifio disturbance.
The ratio of female to hermaphrodite colonies of Tubastraea
coccinea ranged from about 3:1 to 10:1 (Table 15.7). Sper-
maries are sparse and very difficult to observe in tissues of
this species, and do not exhibit detectable flagella. Planulae
were observed in tissues and in the field generally throughout
the year, depending on the location. This genus has been
reported to develop oocytes spontaneously within the tissues,
which may explain egg maturation throughout the year.
Allocation to sperm development appears to be very small in
comparison to that of the ova. Mature eggs are 300—-800 pm
and mature spermaries 150-200 pm.

Siderastrea radians, a gonochoric brooder in the Car-
ibbean, exhibits a significant female bias, which Szmant
(1986) attributed to its limited capacity to bear large ova and
planulae. If this condition were a genetically determined
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reproductive trait, then Porites panamensis might also be
expected to exhibit a preponderance of female colonies, which
it does not. Cabral-Tena et al. (2013) have demonstrated a
gender bias in P. panamensis at some localities, with signifi-
cantly greater skeletal extension and calcification rates in male
compared with female colonies. If relatively high male growth
rates confer some advantage during recruitment and early
community succession, this might then bias selection toward a
greater proportion of male colonies under certain conditions.

Two species sampled at the Taboga Island site (Pavona
gigantea and Pavona varians), located immediately south of
the eutrophic waters of Panama Bay (D’Croz and Robertson
1997), exhibited an excess of male colonies. A male bias
was also observed in Porites porites populations along a
eutrophic gradient in Barbados (Tomascik and Sander 1987).
It was hypothesized that this pattern in the latter study
(Caribbean) was due to increased turbidity and reduced light
levels that could depress zooxanthella photosynthesis and
thus deprive oogenesis of essential nutrients. Rinkevich
(1989) demonstrated experimentally the contribution of
zooxanthella photosynthetic products to coral reproduction.
Considering the relatively small sample sizes and the high
likelihood of a clonal population structure due to asexual
fragmentation (see Sect. 15.5 below, Recruitment and
Asexual Fragmentation), in this case it is difficult to
demonstrate genetic adaptation to local conditions.

True protandrous sex change, and possible protandrous
hermaphroditism from initial male function in small corals to
female function in larger corals, has been demonstrated for
several solitary fungiid species (Loya and Sakai 2008; Loya
et al. 2009; Harrison 2011). The possibility of sex change in
Diaseris distorta was examined in a size series collection
(n = 24) in the Galapagos Islands (Colley et al. 2000). Only a
single female was found (1190 mm?, surface area). Since sev-
eral smaller (238-1088 mm?) and larger (12601980 mm?)
males were collected, and two males were the same size as the
female, no relationship between size and sex was evident.
However, the skewness of the sex ratio (males dominated the
population 5.4:1, p < 0.001, chi square) toward males and the
strong evidence of fragmentation (only one sexual recruit could
be identified) may be keeping individual size small, and
therefore, possibly predominantly male, if maleness is related to
small size. It is also likely that prolific daughter fragment pro-
duction is creating a male dominated clonal population. Size
series collections of all species are discussed in Sect. 15.2.3
below, Sex Ratios and Sex Allocation.

15.2.4 Age at Sexual Maturity

Size series collections of reproductively active colonies have
allowed estimates of the ages to first reproduction of several
species. Coral ages can be estimated by relating known species
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Table 15.8 Size and age estimates related to reproductive condition
Species Size (cm)* n | Growth rate (cm yearfl) Age (years)

Indet’ d Q Indet® & Q
Porites lobata 3.5 (1.2-4.0)° | 7.5 (6.9-8.0) 9.8 (6.3-39.9) 25 117 (£0.10)% 2-3 m 3033 6471 8493

1.05 (+ 0.19)Y 8-10 m

Pavona gigantea 3.1 (25-75) 17.8 (12.6-35.7) 17.8 (12.0-19.9) 26 0.92 (0.3-1.3)>f 34 19.3 19.3
Gardineroseris planulata = 2.3 (3.6-8.0) 9.8 (7.5-21.8) 7.5 (71.2-12.5) 30 | 1.04 (0.07)% 2.2 9.4 7.2
Pavona varians 1.5 (1.2-2.3) 7.0 (5.5-8.9) 5.5(3.2-9.4) 17 1 0.50 (0.25-6.2)" 3.0 14.0 11.0
Pavona chiriquiensis 1.0 2.5 (1.5-2.6) 1.6 (1.5-2.5) 25 3.0 0.3 0.8 0.5
Pavona clavus 8.9 (4.4-13.8) 11.6 (4.5-13.9) 31.4(21.5-41.8) 30 0.98 (0.2-1.7)° 9.1 11.8 32.0

Size series collections during reproductive activity at Uva Island, Gulf of Chiriqui, Panama

“Mean vertical growth axis of skeleton
"Indeterminate, no reproductive products present
“Standard deviation

dStandard error, followed by water depth
“Depths for all agariciid species 2-5 m

From Manzello (2010), minimum and maximum values in parentheses

#High rate of Glynn (1985) used because close to dates of coral collections
"From Glynn et al. (2000), deviation from mean are 1st and 3rd quartiles

‘Maximum growth rate from Glynn et al. (2001a, b)

skeletal growth rates to the greatest growth axes of colonies.
There are drawbacks to this method however, e.g., (a) biased
sampling of larger more easily encountered colonies,
(b) highly variable colony growth rates, and (c) fragmentation
and fusion that can obscure the true ages of colonies.

Examination of a size series of Diaseris distorta in the
Galé4pagos Islands revealed sexual maturity in small individ-
uals, and likely at an early age (Colley et al. 2000). Both
asexual fragments and sexually derived individuals, from
1.8 cm to 2.7 cm in skeletal diameter, were reproductively
active, i.e. bearing mature gametes. The ages of these fungiids
are not known, but it is possible they approximate two years
(Yamashiro and Nishihira 1998). Most adult individuals of D.
distorta in the study population ranged from 3.7 to 5.0 cm in
diameter (Feingold 1995). Colony growth is critical in early
benthic stages vis-a-vis interphyletic competition for space.

At Uva Island, Panama the mean size of colonies of six
sampled species with gonads varied substantially
(Table 15.8). The smallest colonies bearing gonads belonged
to the encrusting species Pavona chiriquiensis with a mean
vertical growth axis of 1.6 cm in females and 2.5 c¢cm in male
colonies. Applying a mean skeletal growth rate of 3.0 cm
year ', this extrapolation suggests that both sexes can reach
reproductive maturity in less than one year. Sexually mature
colonies of Pavona varians, also with an encrusting growth
habit, were notably larger and possibly much older than
P. chiriquiensis, i.e., 10 years in age in both sexes. The
remaining agariciid species and Porites lobata possess large,
dome-shaped colonies with reproductive ages similar to
Pavona varians. The relatively large female colonies of
Pavona clavus may be a result of biased sampling. Small
colonies of this species were unavailable.

Rapid recovery is especially important in environments
with high nutrient and light levels that favor opportunistic
algae and other epibenthic taxa (Birkeland 1977; Highsmith
1980). Eastern Pacific reef substrates generally consist of
low-lying turf algae, due in large measure to intense fish and
echinoid grazing (Birkeland 1997; Fong et al. 2006; Wartian
2006). Ten-cm high coral reproductive colonies would offer an
escape in size, generally extending above micro-filamentous
algal films or turf substrates. Species with very young matu-
ration ages, such as Pavona chiriquiensis, could have an
advantage in population recovery. Presumably they would
have more rapid generation times and hence be better poised to
adapt to changing environmental conditions. The large age
differences in reaching sexual maturity in eastern Pacific
agariciid species would offer an ideal opportunity to test for
such a life history difference.

15.3 Timing of Reproduction

Interest in coral reproductive schedules is long-standing,
from the first systematic studies conducted during the Great
Barrier Reef Expedition (1928-29) to the present (e.g.,
Fadlallah 1983; Shlesinger and Loya 1985; Szmant 1986;
Oliver et al. 1988; Harrison and Wallace 1990; Richmond
and Hunter 1990; Richmond 1997; Guest et al. 2005; van
Woesik 2009; Harrison 2011). Harrison and Wallace (1990)
and Harrison (2011) have offered comprehensive reviews of
the environmental factors implicated in regulating the timing
of coral reproduction. These range from annual (seasonal) to
lunar and diel time-scales, and include such proximate
controls as sea temperature, day length, lunar cycles, daily
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light/dark periods, moon light, calm spells, and tidal height.
Of the various factors implicated in regulating annual to
daily reproductive processes, it is necessary to caution that
the proposed causalities have not been unequivocally
demonstrated.

Although lunar cycles of eastern Pacific corals may be
similar, the seasonal and diel timing, and differences in
annual temperature regimes may prevent multiple species
from spawning together. Pavona varians and Pavona
chiriquiensis have spawned monthly in the Gulf of Chiriqui
during the dry season (January—April), but do so 12 h
apart. Pavona clavus is reported to mature gametes monthly
at Culebra, Costa Rica (Bezy 2009), but in Panama
spawning of this species is restricted to the middle of the wet
season, i.e. July—October (Glynn et al. 2011). Gar-
dineroseris planulata favors the warmest time of the dry
(non-upwelling) season, and Pavona gigantea is most active
in the Galapagos Islands during the coolest time of year.

Long-term studies have shown that warmer or cooler
years result in a variety of breeding outcomes. In the Gala-
pagos Islands, a warm water pulse of about two months
duration in 1991 accompanied extended and year round
gamete production in Pavona varians and Pavona
chiriquiensis (Colley et al. 2006). Pocilloporid species
(Pocillopora elegans, Pocillopora damicornis) are particu-
larly good examples of variable reproductive activity. For
example, mature ova and sperm were usually observed in
tissues at full moon, but some collections over a span of
20 years have shown a variety of gametogenic seasonal
patterns during several months (Glynn et al. 1991; Colley
et al. 2006). This is in contrast to the results of
Campos-Vazquez et al. (2014) who found other pocilloporid
species, namely Pocillopora verrucosa and Pocillopora
meandrina in Bahia La Paz, Mexico to have one annual
gametogenic cycle from approximately May to September (a
16-month study). Commencement and completion of these
gametogenic cycles coincided with seawater temperatures
between 23-30 °C.

In addition, although ripe gametes have been found his-
torically in both Pocillopora elegans and Pocillopora
damicornis on and just after full moon, field observations
have never revealed gamete release in these species.
Therefore, it is possible that at least some eastern Pacific
species may release gametes on the same lunar days, but
generally seasonal months of release can vary between
species, due to location, variations in yearly temperature
regimes, and presumed sensitivity or insensitivity to tem-
perature (Colley et al. 2000).

Sensitivity to  water quality can affect six
chemically-mediated steps in the reproductive cycle of
broadcast spawning corals: (1) synchronization among
conspecific colonies, (2) egg-sperm interactions leading to
fertilization, (3) embryological development, (4) larval
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dispersal and substratum searching, (5) metamorphic
induction, and (6) acquisition of zooxanthellae in those
species that are lacking vertical, maternal transmission.
Pollutants, including freshwater, can result in the failure of
one or more of these links, and such interference may result
in a cascade effect preventing the replenishment of reef
populations (Richmond 1994, 1997).

As the eggs of most coral species float following release,
they are subjected to surface waters for varying periods prior
to fertilization. As fresh water is less dense than seawater,
rainfall and coastal runoff reduce the quality of this upper
layer where eggs generally become fertilized. Even moderate
reductions in sea surface salinities to about 15 %o from 35 or
30 %o, can result in 50 to 90 % reduction in fertilization rates
(Richmond 1994). As eastern Pacific spawning events span
the wet season (and peak ENSO thermal anomalies),
increasing levels of coastal watershed runoff can lead to
reproductive failure following these periods. The addition of
sediment and nutrients from runoff (Humphrey et al. 2008)
as well as agrochemicals and hydrocarbons further reduce
fertilization rates over larger areas. Most eastern Pacific coral
species mature gametes during the wet and generally warmer
season, which approximates mid—April to mid-December.
Eggs of many eastern Pacific coral species are neutral or
negatively buoyant as described below (Sect. 15.3.5,
Spawning and Gamete Characteristics), and thus may avoid
surface water stress effects. Location may also be important
since Psammocora spp., which mature gametes in nonup-
welling Costa Rica in the wet season, are not reproductively
active at the same time of year in the nonupwelling Gulf of
Chiriqui, Panama.

15.3.1 Seasonal

Sexual reproductive activity is generally greatest seasonally
during warm or non-upwelling periods in the three major
eastern Pacific upwelling centers (Chévez-Romo and
Reyes-Bonilla 2007; Carpizo-Ituarte et al. 2011; Rodri-
guez-Troncoso et al. 2011; Glynn et al. 2012). The repro-
ductive activity of Pocillopora damicornis and Pavona
gigantea along the Mexican coast is mainly restricted to the
summer months (May-August) when sea temperatures are at
a maximum (>27-28 °C). This pattern has also been shown
in Pocillopora verrucosa and Pocillopora meandrina
(Campos-Vazquez et al. 2014). In central and southern
Mexico, Porites panamensis is reproductively active from
March or May to September, but in seasonally upwelling
Gulf of Tehuantepec (Huatulco), P. panamensis is most
active after upwelling ceases and later, from March until
August (Rodriguez-Troncoso et al. 2011). Curiously, a
year-long sampling of P. damicornis off southern Mexico
(Huatulco, 15.7'N), including the height of the warm season
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Fig. 15.7 Timing of seasonal, lunar and diel reproductive activities in
11 broadcast spawning EEP zooxanthellate corals. Data are primarily
from presence of mature gonads in histological preparations and
spawning observations at Uva Island reef, Gulf of Chiriqui, Panama.

during 2002-2003, failed to reveal any reproductive activity
(Rodriguez-Troncoso 2004).

Further south, near the equator, coral reproduction is also
most pronounced during the warmest times of year. At Costa
Rica, about 6 latitude farther south, Pavona clavus was
active monthly in Culebra Bay (10.5'N) from May to
November, during the non-upwelling season. In the Gulf of
Chiriqui, Panama (8 N), which is subject to seasonal ther-
mocline shoaling, the reproductive season was more
restricted to the warmest months. Similarly, in the
equatorially-situated Galapagos Islands, reproductive activ-
ity was pronounced but limited to the warmest time of year.
Spawning was observed every month from August to
October in the Gulf of Panama (Glynn et al. 2012) and
within this time frame at Culebra Bay, Costa Rica (Bezy
2009). This is at the height of the wet season
(non-upwelling) at both localities.

However, there are exceptions to reproduction occurring
in the warmest seasonal period. During seasonal upwelling
in the Gulf of Panama (January—April) and the cool season
in the Galapagos Islands (June—December), the latter region
under the influence of the Oceanic Peru Current, coral
reproduction in most species ceases or falls off (Colley et al.
2006). In Galapagos waters, where mean temperatures
decline rapidly in May and June (from 25 to 22 °C and
lower), Pavona gigantea alone contained mature gametes
during much of the cool season. This suggests unusual local
adaptation of this species to low thermal conditions (Glynn
et al. 1996). In the Gulf of Panama, most species do not
initiate gametogenesis during the upwelling months. Pavona
gigantea, however, is reproductively active there during
both the upwelling and non-upwelling seasons.

24‘00 Psammocora profundacella

Lunar and diel spawning times supplemented with observations from
Gulf of Panama (Pocillopora inflata, Pavona clavus) and Galapagos
Islands (Pavona gigantea). Modified after Glynn et al. (2012)

In non-upwelling areas in the EEP where mean sea
temperatures remain high throughout the year (28-29 °C),
gametogenesis is often more prolonged with some species
exhibiting gametogenesis year-round (Fig. 15.7). In the Gulf
of Chiriqui, Panama, Pocillopora spp. were active year
around, with Pocillopora damicornis exhibiting a decline at
the beginning and end of the calendar year. Pavona
chiriquiensis and Pavona varians also show year-round
reproductive activity at this locality and in non-upwelling
Costa Rica, but are limited to the warm seasons in the
Galapagos Islands and the Gulf of Panama.

Porites panamensis, a brooder, reproduces year-round in
the EEP at most sites (Smith 1991; Glynn et al. 1994), with
reproductively active colonies present in the Gulf of Panama
from April-May until November, one month before the
onset of upwelling. Planula development occurs in the Gulf
of Panama only after upwelling ceases, however, in the Gulf
of Chiriqui planulae were released at this and other times of
the year (Smith 1991). Therefore, it is most likely that
P. panamensis has an extended period of larval release in the
non-upwelling Gulf of Chiriqui.

Some studies conducted at low latitude reef sites else-
where, where environmental conditions such as sea tem-
perature and solar radiation are relatively constant year
round, reported extended spawning seasons. These extended
over several months or during most of the year (Oliver et al.
1988; Richmond and Hunter 1990; Penland et al. 2004;
Mangubhai and Harrison 2009) as observed at equatorial
locations in the eastern Pacific. Longer spawning seasons are
not restricted to lower latitudes, however; for example, in the
Solitary Islands, Australia at 30°S latitude, reproductive
activity is spread over several months (Wilson and Harrison
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Table 15.9 Elevated thermal bleaching effects in relation to coral sexual reproduction

Effects Species

Lack of gonadal development
Tissue atrophy and necrosis
Porites spp.

Decline in numbers of reproductive
colonies

Poor tissue integrity spp-

Cessation of gametogenesis Pocillopora damicornis

Lack of gonadal development Decline in

egg sizes gigantea

Cessation of gametogenesis Decline in C

and N tissue biomass annularis

Decline in egg numbers and sizes Decline
in polyps with gametes
damicornis

Decline of gravid colonies Acropora spp. Platygyra

daedalea, Porites lobata

Decline in gametogenesis, spawning

colonies, and fertilization rate verrucosa

Decline in fertilization success Low sperm
motility Decline in concentration of mobile
sperm

Acropora spp.

2003). And at some equatorial locations (e.g. Singapore)
coral species spawn seasonally, mainly during a 2-month
period (Guest et al. 2005).

A general decline in the reproductive condition of corals
has been documented during severe elevated sea temperature
bleaching events in several studies from the Caribbean to
central/west Pacific regions (Table 15.9). Whole bleached
coral colonies or bleached patches on colonies demonstrate a
variety of adverse effects that are often manifest several
months after recovery. These range from declines in the
percentage of reproductive colonies that survived and
recovered from bleaching to lowered rates of fertilization,
reduced sperm motility, reductions in egg size and numbers
(Table 15.9). From Mexico to the EEP, all major
reef-building corals have demonstrated varied stages of
decline in reproduction associated with ENSO elevated
thermal stress (Glynn et al. 1985; Colley et al. 2006;
Carpizo-Ituarte et al. 2011; Rodriguez-Troncoso et al. 2011).
A study of the effects of bleaching on the Great Barrier Reef
not only demonstrated declines in coral reproductive success
during and shortly after the stress event, but also suggested
that reproduction was impaired one year later and that
bleached corals showed an increased susceptibility to future
stress (Ward et al. 2000).

Pavona gigantea Psammocora
stellata Pocillipora damicornis

Pavona spp. Gardineroseris
planulata Pocillopora spp. Porites

Pocillopora damicornis Pavona

Orbicella (cf Montastraea)

Acropora spp. Montipora

spp. Porites spp. Pocillopora

Montipora digitata Pocillopora

Location Years Authority
Uva Is, Gulf of 1983 Glynn et al.
Chiriqui Panama (1985)
Gulf of Chiriqui 1997-1998 Colley et al.
Gulf of Panama (2006)
Galapagos Is
Banderas Bay, 2002 Carpizo-Ituarte
Mexico et al. (2011)
La Entrega Bay, 2002-2003 Rodriguez-
Oaxaca, Mexico Troncoso et al.
(2011)
Carysfort Reef, 1987-1988 Szmant and
Florida Gassman
(1990)
Heron I, Great 1998-1999 Ward et al.
Barrier Reef (2000)
Orpheus I, Pelorus I, 1998 Baird and
Great Barrier Reef Marshall
(2002)
Sesoko I, Bise I, 1997-1998 Hirose and
Okinawa, Japan Hidaka (2000)
Aka I, Okinawa, 1998-1999 Omori et al.
Japan (2001)

Moderate ENSO warming, however, has been observed
to increase gonadal activity in certain eastern Pacific local-
ities where low temperatures often depress or inhibit
development. Colley et al. (2006) documented that all
monitored EEP coral species reproduced during the 1997-98
bleaching event. At Uva Island from 1982 to 1996, sexual
recruitment in Pavona varians was significantly related to
maximum monthly positive sea surface temperature
(SST) anomalies that occurred in the year preceding
recruitment (Glynn et al. 2000). Recruitment failed when
SST anomalies exceeded 1.6-1.9 °C during the severe
ENSO events of 1982-1983 and 1997-1998, suggesting an
elevated temperature threshold for this species. Sexual
reproduction in the Gulf of Panama normally ceases during
the upwelling season when mean SSTs decline below 24—
25 °C. In 1998, when upwelling was suppressed, Porites
panamensis, Porites lobata and Pocillopora spp. demon-
strated unseasonable reproductive activity (Colley et al.
2006). Cox (2007) has shown that the sexual cycle of
Montipora capitata in Hawaii was not disrupted in spite of
bleaching. She hypothesized that this species was able to
produce sufficient energy stores for reproduction by feeding
heterotrophically, a capacity for trophic gains demonstrated
by Grottoli et al. (2004, 2006).
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15.3.2 Lunar

Compared with coral reef regions with species-rich faunas
where multiple and synchronous spawning events are
common-place, e.g. in the Caribbean, central and western
Pacific, and Indian Ocean (Szmant 1986; Guest et al. 2005;
Harrison 2011), lunar spawning schedules in the eastern
Pacific are relatively diffuse. Most low latitude eastern
Pacific broadcast spawning species produce mature gametes
during 3 to 4 day periods before or following full moon
(Fig. 15.7). Several species display a post-full moon bias of
from one to four days. Six species also show heightened
sexual activity (mature gametes) near new moon. Pocillo-
pora inflata spawned gametes on lunar day 24, two days
after a waning quarter moon. This record is atypical and may
be due to stress associated with its collection. The spawning
occurred in a 201 container, albeit with frequent water
renewal, about 30 min after collection.

Therefore it may generally be concluded that eastern
Pacific corals spawn on or around the 17th lunar day and 1—
2 days following (Fig. 15.7). Pavona varians, Pavona
chiriquiensis and Pavona clavus begin gamete release on
these days (Glynn et al. 2001a, b, 2011). Pocillopora dam-
icornis and Pocillopora elegans harbor mature gametes on
full moon (day 15) and spent gonads were observed in tissue
samples 2-3 days later (Glynn et al. 1991). Peak percent
colonies of Porites lobata with mature gonads occur at full
moon and taper off a few days later.

There are at least eight morphospecies of closely related
pocilloporid corals that occur on EEP reefs (but see Chap. 14,
Pinz6n). Only two of these (Pocillopora elegans and Pocil-
lopora damicornis) have been studied extensively and contain
ripe gametes of both sexes around full moon. Although there is
evidence of variation in the annual breeding behavior of these
Pocillopora species, the potential exists that these, and per-
haps a third pocilloporid (Pocillopora eydouxi), spawn syn-
chronously at least occasionally. Species in the Caribbean
reef-building Orbicella/Montastraea complex spawn on the
same days and times annually during the warmest time of year
(Van Veghel 1993). Structurally important Acropora species,
as well as many other corals, spawn on the Great Barrier Reef
in the highly visible mass spawning event, again in the warm
season. However, Pocillopora species, the major contributor
to reef framework in the eastern Pacific appear to be more
sensitive to thermal conditions than other species of this
region, and thus their timing of gamete release may vary
annually (Colley et al. 2000).

15.3.3 Diel

Spawning was observed in only six species, including
Pocillopora inflata. Spawning in P. inflata could have been
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stimulated prematurely due to collection (Fig. 15.7). Multi-
ple interspecific spawning is unlikely among several of the
eastern Pacific species since species-specific spawning
activity has been witnessed during daylight hours, soon after
sunset, and just before sunrise. Pavona gigantea was
observed spawning during daylight hours in the Galapagos
Islands. Several colonies spawned on two different days,
during a flooding spring tide beginning at 1700 and lasting
for about 30 min. Pocillopora inflata also spawned during
daylight hours (0730-1030), but this observation may be
atypical as noted above.

Two closely related encrusting species, Pavona
chiriquiensis and Pavona varians, spawn gametes on the
same lunar days (2-3 days after full moon) during multiple
months in the dry season (Glynn et al. 2000, 2001a, b).
Gamete release was also associated with peak high-water
stands of spring tides. However, P. chiriquiensis spawned
about one hour after sunset at Uva Island and P. varians
began spawning 1-2 h before sunrise at this location with
some colonies continuing to spawn until about 0830. No
overlap or hybridization would be expected in these species
since their diel timing is approximately 12 h out of phase.
The spawned gametes observed after 12 h appeared to lose
vitality. This timing is well beyond gamete viability and
dilution effects of a few hours for corals on the central Great
Barrier Reef (Oliver and Babcock 1992).

Histological and field observations indicated that
spawning of Pavona clavus in the Gulf of Chiriqui was
centered around full moon, most frequently on lunar day 17
and near sunset (1800 h) (Glynn et al. 2011). In Culebra
Bay, Costa Rica, an upwelling site, P. clavus also spawns on
the 17th lunar day, 2-3 days after full moon (Bezy 2009).

It is likely that overlap in spawning may occur between
species of Pocillopora. Pocillopora damicornis and Pocil-
lopora elegans display very similar gamete development,
however, differences in thermal sensitivities may prevent
synchronous gametogenic cycles in at least some locations.
In Bahia La Paz, Mexico, gamete maturation occurs at the
same time of year (September) in Pocillopora verrucosa and
Pocillopora meandrina (Campos-Vazquez et al. 2014), but
further study is needed to determine if there is any lunar day
synchronization. In the Gulf of Chiriqui, gametogenesis
occurs year round in the multi-year pooled sample set, but
although gamete maturation occurs at full moon, no
spawning activity has ever been observed, even after the
completion of numerous monitoring exercises in the field.

As reasoned above, the likelihood of spawning overlap of
the majority of studied eastern Pacific corals is slight. Some
overlap of Pavona varians and Psammocora stellata is pos-
sible since both species spawn at night around full moon, but
the diel timing of P. stellata is still unknown. According to the
seasonal (June, October), lunar (full and new moon), and diel
(1800 h) schedules, Pavona clavus and Pavona chiriquiensis
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could conceivably spawn at the same time. But, oocyte mat-
uration peaks in these two species in different seasons. Colo-
nies of both species occurring in close proximity at Uva Island
have been monitored to explore this possibility, but simulta-
neous interspecific spawning has not been observed.

15.3.4 Length of Gametogenic Cycles

The spawning seasons of eastern Pacific species are generally
variable in length. The seasonality and duration of breeding
at each study site are species or genus specific and also
depend on the local temperature regime. However, gameto-
genic cycles of different species can overlap, and it appears
that several eastern Pacific corals can release gametes mul-
tiple times during their respective breeding
Although sampled colonies in the EEP were not tagged, and
data from all years’ collections were recorded but pooled,
histological collections suggest that gamete release in many
eastern Pacific coral species can occur at least monthly during
this time. At least four species at Uva Island (Pocillopora
elegans, Porites lobata, Pavona Pavona
chiriquiensis) produce mature gametes year round (Glynn
et al. 2011). Eight of the Uva reef species showed evidence of
spawning or loss of mature gametes at or up to four days
following full moon, and six of eight species exhibited some
evidence of split spawning with possible gamete release
occurring a few days around new moon as well.

Observed multiple spawning episodes could indicate
population behavior and not necessarily that of individual
colonies. That is, individual colonies may not spawn on
multiple occasions, but that a population may exhibit mul-
tiple spawning behavior due to different colonies spawning
at different times. The population of Pavona clavus in the
Gulf of Panama spawned in August, September and October,
however, in one year with 4-month consecutive observa-
tions, the sampled colonies spawned every other month.
Spawning behavior of Pavona varians and Pavona
chiriquiensis was observed on the Uva Island reef in January
and April 1997, and in May of the same year in a
flow-through sea water tank at Naos Island (Panama).

Whether the full moon falls at the beginning of a month
or near its end can influence in which calendar month lunar
synchronized coral species spawn. Since many corals spawn
a few days after full moon, if the full moon falls late in the
month, spawning can occur within the next calendar month
following. For example, in Orbicella annularis, mature
gametes were present in August—October in 1983, but only
in August and September in 1984 (Szmant 1986). This was
associated with the full moon falling a week earlier in 1984
than in 1983. There also was evidence that individual
colonies spawned more than once. The association of
spawning with the lunar period may represent the
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fundamental timing mechanism used by corals to achieve
synchronized spawning within a population, while factors
such as temperature and photoperiod, which have important
roles in regulating reproductive cycles, may control initiation
of gametogenesis (Szmant 1986). Therefore, spawning epi-
sodes of different years may not occur in exactly the same set
of months. This could artificially “extend” the breeding
season viewed in pooled annual data. However, there is
ample evidence that at least some species of eastern Pacific
corals release gametes monthly over a period of several
months and that individual colonies of at least some species
spawn monthly as well.

Thus, the exact cycle of gamete development is still
somewhat unclear. In support of the monthly developmental
cycle, mature gametes were observed in tissues of several
species approximately one month after collections showed
no gametogenic development. For example, in the Gulf of
Panama, gametes were found in tissues at the beginning of
April-May just after upwelling ends, and mature gametes
were present in tissues approximately a month later. Histo-
logical slide preparations have revealed Stage IV eggs and
spermaries present in tissues over several months in the same
year. And the sexual activity of agariciid corals, of which
most species in the eastern Pacific have colonies that display
overlapping male/female/male generations, suggest that
monthly completion of gamete development is likely.

15.3.5 Spawning and Gamete Characteristics
Similar spawning characteristics were observed in four
agariciid species, two encrusting and two with massive
colony morphologies. Of the encrusting colonies, gametes
from Pavona varians were positively buoyant with sperm
released in a slow-rising diffuse cloud and ova in
mucus-bound strings. The gametes, however, did not rise to
the surface, but remained in the water column close to the
spawning colonies. Spawning in Pavona chiriquiensis (also
encrusting) was similar with neutral to negatively buoyant
gametes that did not disperse far from the parental colonies.
Ova and sperm were emitted slowly from Pavona gigantea,
a massive species, in mucus-bound filaments that appeared
to be nearly neutrally buoyant. Gametes remained suspended
in the water column where they were dispersed by currents,
imparting a milky appearance to the water in the immediate
spawning area. Gametes released by Pavona clavus (mas-
sive colony morphology) were enveloped in mucus-laden
strings that adhered to colony surfaces. Ova of P. varians
and P. chiriquiensis were beige or white and dark green
respectively, the latter possibly cryptic after sunset.
Agariciid ova are generally small and contain very fine
lipid granules (see Sect. 15.2.1.1 and Fig. 15.5). Although
mature agariciid ova generally stain lightly in contrast to the
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ova of some other eastern Pacific species, the ova of
Psammocora (2 spp.) and Diaseris (1 sp.) also are small and
stain lightly. Perhaps a more complex yolk that stains darkly
(with Azocarmine), such as that displayed in the broadcast
spawners Porites and Pocillopora, is not necessary or would
interfere with the non-buoyant type of dispersal described
above. Two species of Pocillopora (P. damicornis and
P. elegans) possess ova that are laden with large lipid
vesicles (Fig. 15.2). This would suggest positive buoyancy
and perhaps contributes to the release of gametes, which
would rise to the surface and disperse.

Spawning events in the western Pacific are closely asso-
ciated with neap tidal cycles in several species and as a result
tidal rhythms have been proposed to serve as proximate
spawning cues. Neap tidal spawning has been hypothesized
to promote the retention of sexual products on natal reefs (see
Harrison and Wallace 1990). However, the four Pavona
species (P. gigantea, P. varians, P. chiriquiensis, P. clavus)
that were observed spawning in the eastern Pacific did so
during the flooding phase of spring tides. Whether this would
help to disperse gametes and larvae off reef with a positive
effect on survival or some other life history function, is in
need of study (Strathmann et al. 2002).

In summary, the asynchronous spawning observed in the
eastern Pacific is similar to that reported in the northern Red
Sea (Shlesinger and Loya 1985; Shlesinger et al. 1998; but
see Hanafy et al. 2010), in Hawaii (Kolinski and Cox 2003),
and other areas in the central and western Pacific (Richmond
and Hunter 1990). While different coral assemblages
demonstrate asynchronous and more protracted spawning
across a wide range of latitudes, these patterns are generally
more common on reefs in equatorial locations (Baird et al.
2009; Harrison 2011). Several studies have suggested that
mass spawning is adaptive because the large volume of
gametes released would satiate predators and allow for rel-
atively high survival. This argument can also be inverted for
coral faunas that demonstrate irregular spawning schedules.
For example, it might be difficult for potential predators to
evolve focused feeding behaviors for diverse species that are
often relatively dispersed and that release gametes at dif-
ferent seasons, lunar phases and time of day.

15.4 Fecundity

Ovum and larval production rates (fecundity) are essential
processes in coral reproduction, and for eastern Pacific corals
the importance of sexual reproductive success may vary since
several species appear to depend significantly on asexual
fragmentation. As noted above, gonad and gamete develop-
ment may occur up to a certain stage, but then be interrupted
by a stress event such as a rapid elevation of sea temperatures.
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A reduction in fecundity or cessation of gametogenesis and
larval development can then greatly reduce or nullify sexual
reproduction, dispersal and recruitment.

Fecundity estimates have been determined for some of the
more common eastern Pacific corals, but most comprehen-
sively at three of four equatorial localities (Table 15.10). For
the majority of the studied zooxanthellate species, thousands
of ova cm 2 are produced annually at several sites although in
a few instances this may vary by an order of magnitude. Most
species of Pavona and Psammocora have demonstrated
mean annual fecundity values of 10-20 x 10 ova cm™? at
non-upwelling sites (Cafio and Uva Islands) and in the
Galéapagos Islands, the latter region characterized by variable
and seasonally cool conditions. The large massive species,
Porites lobata, Pavona gigantea, and Gardineroseris plan-
ulata, exhibited the lowest fecundities, often producing fewer
than 5 x 10° ova cm 2 year '. While Porites lobata pro-
duced only 40 to 100 ova cm 2 year ' in the Galdpagos
Islands, Pavona gigantea was highly fecund there, exhibiting
between 10 to 31 x 10° ova cm * year '. Considering all
species at all sites, high fecundities were observed at Uva
Island and the Galapagos Islands, each represented by three
species in the genera Pavona and Psammocora. Diaseris
distorta, sampled only where abundantly present in the
Galapagos Islands, exhibited the highest fecundity of all
studied species, ranging from 32 to 104 x 10° ova cm °
year ', depending on the number of annual gametogenic
cycles. The high levels of fecundity are unexpected across
sites since temperature regimes differ significantly, being
generally stable at Uva Island and highly variable in the
Galéapagos Islands. Overall, fecundities were lowest in the
seasonally upwelling Gulf of Panama where temperatures
often reach stressfully low levels during a three and one-half
month period at the beginning of each calendar year, and
gametogenesis is not initiated until after upwelling ceases.

Eight eastern Pacific species, all broadcast spawners, are
clustered around relatively small ovum sizes of ~ 100 pm,
but demonstrate a wide range of fecundities (Fig. 15.8a).
Seven of these species (Pavona, 4 species; Psammocora, 2
species; Diaseris distorta) exhibited annual fecundities
exceeding 10* ova cm™2. Three species, Pavona gigantea and
Pavona clavus, and D. distorta exhibited the highest fecun-
dities at some localities, in excess of 3.0 x 10* ova cm 2
year . These occurred in sample sets from the Galapagos
Islands. Pavona varians and Pavona chiriquiensis (Pavona
spp.) also demonstrated high fecundities, in excess of 10° ova
ecm > year '. These high fecundities occurred in
non-upwelling environments (Cafio Island, Uva Island,
Galéapagos Islands). Porites lobata, the seventh broadcast
spawner, produced ova sizes at Cafio and Uva Islands that
were relatively large with fecundity estimates in excess of 10°
cm 2 year '. The Galapagos fecundity estimates for Porites
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Table 15.10 Fecundity estimates (ova/planulae cm > year ') of annual egg or planula production in equatorial eastern Pacific

Species Location
Caifio 1 Uva |
Porites lobata 2.0-4.0 x 10% (1-2) 2.6-5.2 x 10°
(1-2)
Porites - _
panamensisb
Pavona gigantea 1.8-7.4 x 10° (1-4) 49-9.8 x 10°
(1-2)
Gardineroseris 0.5-1.0 x 10% (1-2) 0.7-1.4 x 10°
planulata (1-2)
Pavona spp* 19.9-27.9 x 10* (5-7)? 14.8-
39.8 x 107 (?10) 19.8 x 10 (6-
8)

Pavona clavus 16.8-26.4 x 10° (7-11) 16.0 x 10° (3)

Psammocora >184 x 10° (>7) 12.8 x 10° (12)

stellata

Psammocora 122 x 10° (>3) 20.3 x 10° (5)

profundacella
Diaseris distorta
Tubastrea 5-81° (12)
coccined”

Estimated number of spawning cycles per year in parentheses
“Includes Saboga and Taboga Is, Gulf of Panama

®Planula production

“Data are for Pavona varians and Pavona chiriquiensis combined
9Number of cycles could be greater

Potential for possible bi-monthly release

lobata (40-100 ova cm ™ year ') are probably uncommonly
low due to unfavorable local conditions. As noted above,
these values were calculated from a single, presumably
mature small ovum. This species was sampled in the Canal de
Itabaca (Santa Cruz Island) in a small, shallow embayment
with limited circulation. In addition, the colonies were small
and generally in poor condition (i.e. with pale/mottled tissue
and algal filaments in the gastrovascular cavity). The two
brooding species, Tubastraea coccinea and Porites pana-
mensis, produced planulae that were consistently larger than
the ova sizes in broadcast spawning species. This trend is
consistent with observations in the Indo-Pacific and Car-
ibbean regions (Harrison and Wallace 1990).

Comparing the size of reproductive products and fecun-
dity of corals in the eastern Pacific with other regions, two
major differences stand out. The first is the smaller size of
eastern Pacific ova, all with mean diameters <200 pm, and
brooder larvae ~300 pm in diameter or less (Fig. 15.8a).
Ova sizes of Indo-Pacific and Caribbean species cluster
between 200 and 600 pm in diameter (Fig. 15.8b), and the
planulaec from these regions range between 700 and
1500 pm in diameter (Fig. 15.8a, b). However, ova size of

Authority

G Panama® Galapagos Is.

40,70,100 (1-3) Glynn et al.

(1994)

720 (6) - Glynn et al.
(1994)

0.6-2.4 x 10° 10.3-30.8 x 10° (1-3) Glynn et al.

(1-2) (1996)

- - Glynn et al.
(1996)

0.5-9.3 x 10° 1 9.0-27.2 x 10° (4-11,12)? Glynn et al.

(1-3) 58.8 x 10° (224) (2000)

6.7-7.8 x 10° | 21.2-33.2 x 10° (7-11) Glynn et al.

3 (2011)

>132 x 10° | >182 x 10° Glynn et al.

(=8 (=9 (2012)

- 16.5 x 10° (>6) Glynn et al.
(2012)

- 31.6-51.8 x 10° (4) 63.2— Colley et al.

104.0 x 10° (8) (2000)

- 330 (12) Glynn et al.

(2008)

species in the families Poritidae, Agariciidae, Pocilloporidae,
and Fungiidae from the Indo-Pacific and Caribbean also
tends to be small (Harrison and Wallace 1990). Therefore,
this pattern may be phylogenetically determined and species
with small ova may have a survival advantage in the eastern
Pacific. It is also possible that small ova and planulae are a
result of a life history strategy that limits time for lipid
storage due to frequent and rapid gametogenesis.

The second difference is the notably high fecundity, 10° to
10° ova cm™ 2 year ', demonstrated by several eastern Pacific
broadcast spawning species. The few observations available
indicate that eastern Pacific brooding species are also mod-
erately fecund, but more data are needed to make any mean-
ingful interregional comparisons. Perhaps the development of
small ova with less complex yolk allows the generation of
more numerous gametes during any given reproductive cycle.
Such an opportunistic reproductive trait may be advantageous
in an unstable environment such as the eastern Pacific, which
is subject to sudden and frequent fluctuations in
physico-chemical conditions. Thus, the marginal setting of the
eastern Pacific may favor the colonization and persistence of
highly fecund coral taxa with small eggs.
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Fig. 15.8 Size of mature ova and planulae versus fecundity of
scleractinian corals. a Ten equatorial eastern Pacific species sampled at
four localities (see Tables 15.1 and 15.6). b Indo-Pacific and Caribbean
species (n = 32) slightly modified after Harrison and Wallace (1990).
Multiple fecundity values plotted for a specific mean ovum or planula
size express the range of observed estimates. To assist in comparing
two data sets, horizontal and vertical lines in ‘b’ denote ranges of

ova/planula sizes and fecundities of eastern Pacific species illustrated in
‘a’. Ranges of planula diameters (vertical line) in azooxanthellate
brooder, and fecundities (horizontal line) in zooxanthellate brooder
were very small, respectively, and therefore are not shown. Pavona
spp. are P. varians and P. chiriquiensis; since ova diameters were
statistically equal they were averaged; fecundities were also averaged
due to similarity of annual spawning cycles (Glynn et al. 2000)
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15.5 Recruitment and Asexual
Fragmentation

15.5.1 Sexual Recruitment

Coral populations are maintained and replenished primarily
by sexual larval recruitment and asexual fragmentation (e.g.,
Highsmith 1982; Harrison and Wallace 1990; Richmond
1997). The asexual regrowth or budding of patches of tissue
resulting from partial mortality during disturbance events,
such as bleaching, may also be important in perpetuating
colony survival (Fong and Glynn 2001; Glynn and Fong
2006). Sexual recruitment of settling larvae has been studied
by the deployment and retrieval of artificial surfaces (settling
plates) or the appearance of new juveniles on natural reef
substrates. The former method focuses on the number of
larvae arriving and settling, whereas the latter focuses on the
number of juvenile corals surviving until they are visible to
the naked eye (i.e. > 1 cm). Asexual recruitment is inferred
from the appearance of colonies according to the criteria
noted below in Sect. 15.5.5. The reader is referred to Mundy
(2000) for an appraisal of methods employed in sexual
recruitment studies, and Baird et al. (2006) for fluorescence,
and Edmunds (2010) for aluminum tag detection techniques.
All methods described here (Table 15.11) are based on
corals counted on natural substrates and artificial surfaces.

Sexually produced planula larvae or genets, which settle
onto suitable substrates, are distinguished from ramets that
are genetically identical fragments originating from
pre-existing colonies. Here a recruit is defined as a new
individual introduced to a population whether as a sexual
recombinant planula (genet) or an asexual fragment (ramet).
Both modes of reproduction offer advantages under different
environmental conditions, summarized hypothetically by
Pinzoén et al. (2012) as follows. Highly clonal species gen-
erating ramets would tend to dominate local optimal habitats
as asexual reproduction (fragmentation) is important to local
persistence. Conversely, sexual recombination increases
diversity and would contribute to long-range dispersal and
colonization of new habitats and would, therefore, be
favored in variable and/or unpredictable environments.

In contrast to central and western Pacific reef areas,
notably low rates of sexual recruitment were reported in the
first eastern Pacific studies (Birkeland 1977; Wellington
1982; Richmond 1985; Reyes-Bonilla and Calder-
on-Aguilera 1994). In the Gulf of Panama, no sexual
recruitment was observed in the Pearl Islands over an 8-mo
period (Wellington 1982) or very low rates of ~ 1 recruit m >
over 5 years (Birkeland 1977), and 11 colonies of Pocillo-
pora sp. after 15 months (Richmond 1985). These low rates
of sexual recruitment of the major reef-building species were
cited as evidence of the maintenance of eastern Pacific reefs
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by asexual propagation and long distance dispersal from
central/western Pacific populations. In more recent studies in
Mexico, low rates of sexual recruitment have also been
reported for the major branching and massive reef-building
species (Medina-Rosas et al. 2005; Lopez-Pérez et al. 2007).
However, one study off the southern Mexican coast of
Guerrero reported a low level of sexual recruitment of
Pocillopora damicornis (Garcia-Ocampo 2005). Recruitment
rates at five localities ranged from 0.1 to 0.3 colonies m™ >
year ' to maximum rates of 0.6-0.8 colonies m > years .

Since the early findings from Panama, continuing studies
have added to the data base of coral recruitment for the
principal eastern Pacific species at several localities. These
data are from colonies that recruited to natural and artificial
plots monitored over periods that ranged from <1 to 22 years.
In the majority of these studies, no distinction was made
between sexual and asexual recruitment. The calculated rate
estimates do, however, allow for comparisons among species
and sites. Inspection of Table 15.11 indicates that recruit-
ment rates are highly variable and generally low for broadcast
spawning species, usually with mean colony densities of
<1.0 m 2 year'. The highest recruitment rates for broadcast
spawners (Pocillopora elegans, Pavona varians, Porites lo-
bata), ~1.0 colony m™* year ', occurred at non-upwelling
sites in Costa Rica and Panama. The sexual recruitment of
P. lobata was shown by Boulay et al. (2012), utilizing
microsatellite markers, to be the predominant mode of
recruitment at Isla del Coco, Costa Rica. Although recruit-
ment rates were not reported, the repopulation of P. lobata by
sexual means has contributed importantly to the recovery of
Cocos Island reefs during the last two decades (Guzméan and
Cortés 2007). Recruitment of Porites panamensis, the single
zooxanthellate brooding species, was considerably higher
than the broadcast spawners, often exceeding 1.0 colony m™>
year ', and as high as 20.4 colonies m > year ! at one site in
Mexico (Montosa Island, Huatulco).

Millepora intricata, a hydrocoral, has only been found in
the eastern Pacific in the Gulf of Chiriqui, Panama. At Uva
Island colonies are common on the reef slope (2-5 m depth),
but are among the first zooxanthellate species to bleach and die
during ENSO warming events (Glynn 1990). This species is
opportunistic, among the first to recruit to reef slopes after
mortality events, presumably from deeper (8—15 m) refuge
populations in cooler water. Although colonies of M. intricata
easily fragment, recolonization of the shallow reef slope pre-
sumably occurs via sexual recruits (Smith et al. 2014).

15.5.2 Asexual Fragmentation

Of the different kinds of asexual reproduction in corals that
give rise to new individuals or colonies, e.g. budding and
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transverse or longitudinal fission, polyp bail-out, detachment
of polyp balls, and asexually produced planulae (Harrison
and Wallace 1990; Richmond 1997), asexual fragmentation
is the predominant process in the eastern Pacific. Several
studies have supported the importance of this reproductive
mode (e.g., Glynn et al. 1972; Highsmith 1982; Guzman and
Cortés 1989; Colley et al. 2000; Glynn et al. 1996, 2011;
Lirman et al. 2001; Lopez-Pérez et al. 2007; Aranceta-Garza
et al. 2012).

Although storms can cause fracturing, especially in
ramose species (Jiménez 1998), coral fragmentation often
has a biotic provenance, i.e. it is initiated or exacerbated by
bioerosion (see Chap. 12, Alvarado et al.) and corallivory
(see Chap. 10, Enochs and Glynn). Bioerosion by sponges,
bivalve molluscs, and other endolithic organisms weakens
coral skeletons, rendering them susceptible to physical
damage by waves, storm surge and projectiles. Branching
species of Pocillopora are especially susceptible to breakage
by nest-building and foraging fishes (Jiménez 1996-1997;
Glynn 2008). It may seem counterintuitive, but large mas-
sive colonies of Porites, Pavona, and Gardineroseris are
also subject to fragmentation. For example, Highsmith
(1982) observed that Pavona clavus colonies excavated by
burrowing molluscs (Lithophaga spp.) resulted in collapse
and breakage with the generation of several new colonies.
Massive and encrusting colonies, such as Porites lobata,
Porites panamensis and Pavona varians, are commonly
excavated by the triggerfish Pseudobalistes naufragium
(Fig. 15.9). The triggerfish, in search of boring bivalves,
often produces cm-size fragments that can regenerate, giving
rise to new colonies if they remain upright on a suitable
substrate (Guzman 1986; see also Guzman 1988; Guzman

Fig. 15.9 Porites lobata colony presumably attacked by Pseudobal-
istes naufragium. Lithophagine boreholes are visible in two broken
sections of the skeleton, top and bottom right side of photograph.
Several live fragments lay on bottom to left of colony (arrows).
Observed on a patch reef at Bahia Honda, Gulf of Chiriqui, Panama
(5 m depth, 14 March 2003, courtesy Tyler Smith)

and Cortés 1989). The combination of a relatively weak
skeleton and a high density of lithophagine bivalves, up to
100 ind per 0.01 m?, render this coral a frequent target of
triggerfish attacks (Scott and Risk 1988). A recent study has
shown that morphologically similar massive species of
Porites reproduce mainly asexually (Porites evermanni) or
sexually (Porites lobata), depending on the interaction of
triggerfish predators and their endolithic boring bivalve prey
(Boulay et al. 2013). The triggerfish preferentially attack
P. evermanni colonies, which are infested with higher
abundances of bivalves than is P. lobata.

Highsmith (1982) has reasoned that some successful
corals have evolved a predisposition for colony fragmenta-
tion into their life histories. As an example he proposed that
pocilloporid corals, which are the predominant reef builders
in the eastern Pacific, fragment easily and thus contribute
importantly to the lateral expansion of reef frameworks.
Fragmented branches, if not stabilized by existing colonies
and frameworks, tend to move laterally down slope where
they continue to grow and contribute to reef progradation
(Fig. 15.10).  Additional information on frequent
storm-related fragmentation in massive Porites colonies can
be found in Done and Potts (1992).

A recent study by Baums et al. (2014) indicates that the
densest known aggregration of Pocillopora in the Galapagos
Archipeligo is of asexual origin. A large population of 1614
live Pocillopora colonies present on the southern shore of
Isabela Island was analyzed for genetic diversity. Multilocus
genotyping, capable of resolving individual clones, indicated
that this coral stand is monogenotypic, and thus the high
density of colonies is a result of asexual reproduction, likely
via fragmentation.

Diaseris distorta, free-living fungiid species as adults,
exhibits frequent asexual fragmentation, which is aided by
the spontaneous formation of sutures and the separation of
daughter segments. Morphological evidence indicates this is
perhaps the predominant means of propagation in the
Galapagos Islands (Colley et al. 2000). This radial asexual
fragmentation through natural autonomy is a compelling
example of an evolved trait (Yamashiro and Nishihira 1998).

15.5.3 Asexual Recruitment

Data on the abundances of asexually produced recruits in
Panama and Mexico indicate that branch fragmentation can
potentially contribute substantially to coral community
recovery. The asexual recruit densities of Pocillopora dami-
cornis in Panama in 1980, increasing from 0.17 to 0.44 colo-
nies mfz, were observed after censuses of 4.5, 8 and
12 months, respectively (Highsmith 1982). This level of
fragmentation was attributed to wave action, bioerosion, and
excavation by foraging fishes. The high mean pocilloporid
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fragment densities reported by Lirman et al. (2001) in southern
Mexico (Huatulco), as high as 26.2 fragments m > at the
Riscalillo sampling site, were observed in 1997, one to two
months after three major cyclones passed across the Huatulco
reef tract (Table 15.12). These storms caused extensive coral
breakage, especially among branching Pocillopora spp. The
fragment densities observed by Lopez-Pérez et al. (2007),
sampled in 2001-2002 along the same Huatulco reef tract,
were overall about 2.5 times significantly lower (mean den-
sities = 6.2 vs. 15.7 colonies m ™2, p = 0.012, t test, 1-tailed)
than those assessed in 1997. This significant difference was
likely due to the sampling performed soon after the storm
impacts in 1997. An expected lasting result of coral commu-
nities subject to frequent storms would be the formation of
clones and low genetic diversity, a trend demonstrated recently
in the lower half of the Gulf of California. A molecular genetic
study of branching Pocillopora verrucosa colonies revealed a
significant relationship between tropical storm activity and the
genotypic indexes of richness and diversity (Aranceta-Garza
et al. 2012). This analysis offered strong evidence supporting
the role of asexual fragmentation in producing clonal popu-
lations at localities subject to frequent storms.

The recent study by Baums et al. (2014) at Isabela Island
noted above (Sect. 15.5.2) also strongly suggests the asexual
origin of this population. All colonies belonged to Pocillopora
mitochondrial open reading frame lineage type 3a. Typing of
additional samples from three other islands indicated that this
large stand of colonies was unique in the Galapagos Islands,
representative of the only type 3a population. Colony size
distribution, while imperfect, suggested that the population

== Detached
== Loose
= Attached

" 5 6 7 8 9 10
Distance (m)

originated from remnant colonies that survived the 1997-98
ENSO event, but may postdate the 1982-83 ENSO.

Lopez-Pérez et al. (2007) underlined the importance of
successful and unsuccessful fragmentation in terms of frag-
ment survival. Cementation of pocilloporid fragments can
occur rapidly, in 1-2 months, if retained in suitable reef
habitats such as stable living or dead reef structures (Lirman
et al. 2001). If fragments are deposited in shallow, wave
swept zones or in soft sediments, attachment is unlikely and
survivorship low (Ayre et al. 1997). Successful cementation
was quantified at Huatulco and ranged between 16 and 58 %
(Lopez-Pérez et al. 2007). Thus, to determine the efficacy of
asexual fragmentation it is necessary to continue monitor-
ing coral survival of past initial fragmentation events.

15.5.4 Other Factors Affecting Recruitment

Recruitment is also chemically mediated in corals. Rather than
being a solely stochastic process of random searching and
settlement, larvae of some species respond to specific meta-
morphic inducers, including those associated with certain
species of crustose coralline algae, which are hypothesized to
enhance survivorship (Golbuu and Richmond 2007). Physical
interference with such cues, through sediment and fleshy algal
cover, can prevent coral recruitment. Pollutants, including
pesticides, may block metamorphic inducers or larval recep-
tors, and prevent settlement and metamorphosis (Peters et al.
1997). However, many eastern Pacific reefs are located at
remote island sites; therefore, such chemical pollutants are less
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Table 15.12 Asexual pocilloporid and Gardineroseris planulata recruits sampled on natural reef substrates in Panama and Mexico

Taxa Locality Depth (m) Period Colonies Density (col m %) Authority
Mean (SE)
Pocillopora damicornis PANAMA
Uva L. 5-6 1980 25 0.444 Highsmith (1982)
5-6 1980 38 0.380 Highsmith (1982)
5-6 1980 66 0.440 Highsmith (1982)
Pocillopora spp. MEXICO
San Agustin I. 2-13 2001-02 26% 1.3 (2.2) Lopez-Pérez et al. (2007)
Jicaral-Chachacual 2-13 2001-02 134* 6.7 (7.5) Lopez-Pérez et al. (2007)
Cacaluta 2-13 2001-02 106* 5.3 4.7) Lopez-Pérez et al. (2007)
La Entrega 2-13 2001-02 262% 13.1 (30.3) Lopez-Pérez et al. (2007)
Montosa 1. 2-13 2001-02  90* 4.5 (1.3) Lopez-Pérez et al. (2007)
Riscalillo 0-10 1997 1127* 26.2 (4.9) Lirman et al. (2001)
Mixteca 0-4 1997 513* 23.3 (5.3) Lirman et al. (2001)
Organo 0-8 1997 272° 20.9 (3.3) Lirman et al. (2001)
0-8 1997 406" 20.3 (2.4) Lirman et al. (2001)
Rio Sabroso 04 1997 79% 9.9 (2.8) Lirman et al. (2001)
04 1997 298* 14.9 (1.6) Lirman et al. (2001)
Montosa 1. 0-13 1997 540 7.5 (1.3) Lirman et al. 2001)
Maguey 0-10 1997 48 4.8 (2.2) Lirman et al. (2001)
0-10 1997 348? 13.9 (1.6) Lirman et al. (2001)
Gardineroseris planulata PANAMA
Uva L. 1-7 1993 100 0.008 Glynn, unpub. data
1-7 1994 111 0.009 Glynn, unpub. data

“Colony values were calculated by multiplying mean fragment densities by total area (m?) sampled

of a concern. Instead, sedimentation during the wet season,
especially in areas with significant coastal development and
deforestation, can be an obvious contributor to stress.

Fleshy and filamentous algae are often present and
abundant on eastern Pacific reefs due to nutrient availability
from both upwelling and coastal runoff. Benthic algae are a
repository for sediments, which can be re-suspended by
water motion. Algae can also draw down oxygen and pH
levels during periods of photorespiration at night. As such,
the combination of benthic fleshy algae and terrigenous
sediments interact to reduce both substrate availability and
water quality, affecting coral recruitment and survival.

15.5.5 Comparisons/Discussion

In an attempt to evaluate the relative importance of sexual
versus asexual recruitment through fragmentation, colonies
of several species in study plots in the EEP were enumerated
according to their presumed provenance. The following
criteria, employed for live colonies from 1 to 10 cm greatest

dimension, were: sexual recruits—cemented to substrate,
symmetrical colony morphology, no indication of recent or
old skeletal fractures; asexual fragments—usually loose or
weakly cemented to substrate, colony morphology often
irregular, recent or old skeletal fractures evident. Some
mis-assignments can be expected since these criteria are not
mutually exclusive. The magnitude of this type of error has
not been reported.

For most species and localities, sexual recruits greatly
outnumbered asexual recruits (Table 15.13). In the Galapa-
gos Islands, Pocillopora spp. sexual recruits predominated at
three of four monitoring sites and made up between about 60
to 100 % of all colonies sampled. Only at Playa La Picona,
Floreana Island, were asexual recruits (n = 16) more abun-
dant than sexual recruits (n = 14). This site is often exposed
to moderate-to-strong wave action. The majority of sexual
recruits were present on the tops and sides of basalt boulders,
and asexual recruits were usually unattached on coral
rubble/sand substrates. At Cabo Pulmo, Gulf of California,
Pocillopora fragments were predominant, contributing 59 %
to the recruitment pool (Reyes-Bonilla 1993).
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Table 15.13 Numbers and colony densities of sexual and asexually-derived coral recruits observed in permanent monitoring plots on Uva Island

reef (Panama) and in Galapagos Islands (Ecuador), 1993-1998

Species Sexual recruits Asexual recruits
n ind. m™2 n ind. m
Pocillopora spp.? 65 0.013 44 0.009
54 0.006 25 0.003
57 0.007 0 0
99 0.012 5 0.001
26 0.006 1 0.002
11 0.003 0 0
31 0.004 6 0.001
5 0.001 0 0
50 0.007 0 0
14 0.004 16 0.005
Porites lobata 7 0.024 0 0
Pavona gigantea 51 0.177 0 0
6 0.021 0 0
23 0.080 0 0
Pavona clavus 2 0.007 0 0
1 0.004 0 0
3 0.010 0 0
Pavona varians 52 0.181 0 0
3 0.010 2 0.007
77 0.267 0 0
Gardineroseris planulata 22 0.002 100 0.008
6 0.021 0 0
1 0.004 0 0
5 0.017 0 0
4 0.014 0 0
1 0.021 4 0.083
Psammocora profundacella 1 0.004 9 0.031

“Predominantly Pocillopora elegans in all surveys

Location” Depth Year Total SR/AR®
2

Espatiola I, Gal 1-10 1995 275174
Gardner Bay 1996

1997

1998
Santa Cruz I, Gal 1-15 1996 37/1
Caleta Robinson 1997
Santa Fe I, Gal 3-18 1995 86/6
NE anchorage 1997

1998
Floreana I, Gal 2-6 1995 14/16
Playa La Picona
Uva Reef-South 1-5 1995 7/0
Uva Reef-North 1995 80/0
Uva Reef-South 1998
Uva Reef-North
Uva Reef-North 1995 6/0
Uva Reef-South 1998
Uva Reef-North
Uva Reef-North 1995 13272
Uva Reef-South 1998
Uva Reef-North 1998
Uva Reef 2-17 1993 38/100
Uva Reef-North 1995
Uva Reef-South 1998
Uva Reef-North 1998
Uva Reef-South
Pearl Is 1/4
Saboga |
Uva Reef-North 1995 1/9

®Plot areas sampled: Gardner Bay 1995, 5000 mz; 1996-1998, 8370 mz; Caleta Robinson 4100 mz; NE anchorage (outside bay) 7360 mz; Playa
La Picona 3396 m* Uva R (reef) 12,645 m* Uva R-N 288 m?; Uva R-S 289 m?; Saboga I 48 m>
“The numbers of sexual (SR) and asexual (AR) recruits are summed by species and locality sampled

Only sexual recruits were observed in the massive
colonies of Porites lobata, Pavona gigantea, and Pavona
clavus. As noted previously, asexual fragmentation in
P. lobata (and especially in Porites evermanni) occurs
commonly where this species is present, however, it is
relatively rare on the Uva reef. Only seven small colonies
(presumably sexual recruits) were found in the monitoring
plot at Uva reef-south (Table 15.13). Asexual fragments
were encountered in one of three surveys of Pavona vari-
ans on the Uva Island reef. This species is sometimes tar-
geted by Pseudobalistes naufragium, which can severely

fragment encrusting colonies such as P. varians (Glynn
et al. 1972). In four of six surveys, Gardineroseris planu-
lata exhibited only sexual recruits; however, asexual
recruitment predominated in two surveys. The preponder-
ance of asexual:sexual (100:22) recruits of G. planulata on
the Uva Island reef in 1993 was ostensibly a result of
colony breakage by foraging Pseudobalistes naufragium,
which were present on the reef at that time. Asexual out-
numbered sexual recruits in Psammocora profundacella at
a north-end sampling site on the Uva reef in 1995. Data are
not available for Porites panamensis at low latitude sites,
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but at Cabo Pulmo, Gulf of California, asexual fragmen-
tation was noted in only about 8 % of colonies
(Reyes-Bonilla and Calderon-Aguilera 1994).

Molecular genetic methods employing high resolution
markers can more accurately distinguish between sexually
and asexually derived recruits. Such studies have revealed
varying contributions of genets and ramets to the population
structure of pocilloporid assemblages. In Panama, Pocillo-
pora communities consisted primarily of sexually-recruited
colonies (Combosch and Vollmer 2011). Two studies con-
ducted in the Gulf of California have reported dissimilar
results. Aranceta-Garza et al. (2012) found that clonal pop-
ulations of Pocillopora were present at sites frequented by
storms, whereas Pinzon et al. (2012) reported clonal popu-
lations predominant in protected habitats. Since biotic agents
(bioerosion, corallivores, foraging fishes) can cause signifi-
cant colony fragmentation, it is imperative to consider these
potential effects.

In a comparative study of the population biology of
Pocillopora damicornis in the central/western and eastern
Pacific, Richmond (1985) observed that 100 % of recruits at
Enewetak originated from sexually-produced planula larvae
whereas nearly 97 % of recruits in Panama resulted from
asexual fragmentation. Other minute recruits of P. damicor-
nis in Panama, with 1-12 polyps each, were attributed to
‘polyp bail-out’ as reported by Sammarco (1982). The
nearby presumed donor colonies were under attack by the
gastropod corallivore Jenneria pustulata. These results
indicate marked regional differences in sexual and asexual
recruitment among, as well as within, regions for a mor-
phologically similar coral genus.

15.6 Climate Change and Anthropogenic

Stressors

Climate change is considered one of the most pressing con-
cerns for the future of coral reefs (e. g., Hughes et al. 2003).
Although much discussion in this chapter has included data
and other information acquired during a variety of ENSO
events, other climate change factors are worthy of mention,
although not the major focus of the studies that contributed to
this chapter. Elevated seawater temperatures are responsible
for mass-bleaching events caused by the loss of symbiotic
zooxanthellae, and such stressed corals either die or are
energetically compromised with insufficient energetic
resources to support normal gamete production (Table 15.9).
Elevated levels of pCO,, such as those predicted to occur by
the end of the century, have been found to reduce fertiliza-
tion, growth and recruitment in colonies of Acropora pal-
mata (Albright et al. 2010). While gametogenesis proceeded

P.W. Glynn et al.

unabated when ambient seawater pH and aragonite saturation
values were experimentally reduced, there is evidence that
energy allocated to egg production under such conditions
may further reduce calcification and growth rates in gravid
colonies (Cohen and Holcomb 2009; Albright 2011).

The energetics of planula larvae in both brooding and
spawning species affect dispersal distances and eventual
recruitment success (Richmond 1987a, b, 1988). As lipids
provide energy reserves, temperature increases associated
with climate change are predicted to likewise increase
metabolic and energy consumption rates during the plank-
tonic period and reduce overall dispersal potential. This
could affect population connectivity among eastern Pacific
reefs and recovery trajectories following mortality events.

Reproduction and recruitment can be affected by both
natural and anthropogenic stressors, the former often being
exacerbated by the latter (e.g., Richmond 1997, 2005;
Fabricius 2005; Harrison 2011). The physiological state of a
coral will determine the allocation of energy into various
functions, including colony growth, tissue repair (when
necessary), calcification, and reproduction. Stressed corals
may exhibit a reduction in the quantity and quality of
gametes, even to the point of reproductive failure under
severe conditions, such as elevated temperatures
(Table 15.9). In addition to effects on fecundity, reduced
water and substratum quality can affect fertilization, embry-
ological development, zooxanthellae community composi-
tion (Garren et al. 2006; LaJeunesse et al. 2010), and the
metamorphic induction of coral larvae (Richmond 1993).

Eastern Pacific reefs are subject to the common anthro-
pogenic stressors affecting coral reefs elsewhere, including
sediment loading and land-based sources of pollution as well
as increased competition for space from algae due to over-
fishing of herbivores. Although the specific effects of these
stressors on coral reproduction are unstudied in the eastern
Pacific, various potentially disrupting impacts are threaten-
ing coral reefs from Mexico (Reyes-Bonilla 2003) to several
equatorial eastern Pacific localities (Cortés and Jiménez
2003; Glynn 2003; Maté 2003; Zapata and Vargas-Angel
2003). Seasonal upwelling is an added source of stress to
which reefs from other areas are normally not exposed
(Fig. 15.1b), and associated increases in nutrients can alter
competition for substrate space in favor of epibenthos other
than coral larvae and recruits.

As previously mentioned, high sediment loading onto reefal
habitats during the rainy season, due to deforestation of sur-
rounding land forms, decreases visibility and sunlight penetra-
tion in many locales. Associated salinity changes are potentially
harmful, as well as seasonal low tide exposures that kill tissues
on exposed pocilloporid reef flats, leaving behind retracted
polyps that can potentially regenerate damaged tissues.



15 Coral Reproduction in the Eastern Pacific
15.7 Conclusions: Reproduction
in a Marginal Environment

Environmental physical data, with particular attention to sea
temperature and salinity extremes, aragonite saturation state,
light penetration, and inorganic nutrient concentration, were
analyzed by Kleypas et al. (1999) to identify and classify
marginal reef development worldwide. Potentially stressful
conditions were listed for several eastern Pacific reef sites and
coral communities from the Galapagos Islands to the Gulf of
California. Of special note was the low aragonite saturation
state of waters across the eastern tropical Pacific region (see
also Manzello et al. 2008; Manzello 2010; see Chap. 18,
Manzello et al.). The erratic occurrence of ENSO events,
warm El Nifio and cool La Nifia phases (and attendant
stressful conditions), also contribute importantly to distur-
bances in the eastern Pacific (see Chap. 8, Glynn et al.).

Although geographically patchy, reef building has
occurred over large parts of the eastern Pacific, at some sites
for periods of 100-1000 s of years (see Chap. 6, Toth et al.).
It is of interest, therefore, to consider the attributes of coral
reproduction that have likely contributed to this success. The
following discussion stems largely from Glynn and Ault
(2000), who addressed the dispersal potential and regional
distribution of corals, and Glynn and Colley (2008), who
examined coral survival under diverse conditions of distur-
bance in the eastern Pacific. These studies were based lar-
gely on the possible roles of reproductive traits in larval
dispersal and repopulation of devastated coral communities
following large scale disturbances.

All eastern Pacific corals with high frame-building poten-
tial are regionally widely distributed, and broadcast-spawn
gametes: Pocillopora damicornis, Pocillopora elegans, Por-
ites lobata, Pavona gigantea, Pavona clavus, and Gar-
dineroseris planulata. Broadcast spawning species typically
produce planktonic larvae capable of long distance dispersal
(Harrison and Wallace 1990). Although larval longevity of
eastern Pacific corals is not known, recent studies indicate a
highly extended and variable duration of planktonic life of
western Pacific, non-autotrophic coral larvae (Graham et al.
2008; Connolly and Baird 2010). For example, the larvae of all
five species in the Graham et al. (2008) study demonstrated
longevities of from 195 to 244 days. The previously reported
record, for Acropora valida, was 130 days. This may offer a
dispersal advantage over brooding corals. Thus, this repro-
ductive mode would offer an advantage to corals subject to
local disturbances and high mortality, for example resulting
from extreme thermal stress, with distant source populations
capable of supplying larvae that would contribute to the
recovery of depleted populations. Porites panamensis, the
sole eastern Pacific zooxanthellate brooder with a relatively
narrow geographic range, experienced severe reductions on
Panamanian reefs during the 1982—-83 El Nifio bleaching event
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(Glynn 1984), and was not observed again on monitored reefs
for 3-5 years (Glynn et al. 2001a, b).

Most eastern Pacific corals are reproductively active for
several months or in some cases year-round. If acute stress
events do not completely inhibit gametogenesis or cause
gonad reabsorption, sexual reproduction could possibly
resume when conditions improve. Some species have con-
tinued to be reproductively active during weak to mild ENSO
events when sea temperatures are elevated but do not exceed
critical thresholds (Colley et al. 2006). For example, in the
Galéapagos Islands Pocillopora damicornis and Pocillopora
elegans both demonstrated enhanced gametogenesis during
moderate El Nifio warming. Also, Pavona varians in Panama
revealed significant increasing sexual recruitment over a
14 year period with increasing sea temperatures up to a
monthly maximum SST anomaly of ~1.6 °C (Glynn et al.
2000).

Extended annual reproductive activity contributes to the
high fecundity of eastern Pacific corals. Some other traits
also adding to the fecundity of agariciid species (Pavona, 3
species; Gardineroseris planulata) are the number of
monthly spawning cycles. For example, Pavona spp. in the
Galapagos Islands spawn monthly and may even exhibit
split bi-monthly spawning (Glynn et al. 2000). The very
small size and prodigious numbers of mature ova in most
eastern Pacific species contribute directly and importantly to
fecundity. Where estimates of the ages at first reproduction
have been reported for eastern Pacific agariciid species, these
range from 5 (Pavona varians, Pavona chiriquiensis) to 20
(Gardineroseris planulata) years. These rates cannot be
compared with other regions due to the lack of studies on
broadcast spawning species in this family.

Perhaps more than in any other coral reef region, coral-
livore fish foraging and bioturbation activities are at a high
level in eastern Pacific coral communities (see Chap. 10,
Enochs and Glynn). This leads to frequent asexual colony
fragmentation in both branching and massive corals. Where
corals occur in favorable environments or under conditions
that have normalized after a disturbance, asexual propaga-
tion can greatly accelerate local recovery. Unfortunately,
information is presently too incomplete to offer any general
conclusions on the relative contributions of sexual and
asexual reproduction in promoting coral community recov-
ery. It is likely that both reproductive modes are effective,
with one or the other predominant depending on the type and
severity of disturbance and the particular local conditions
prevalent during recovery.

The importance of sexual and asexual reproduction is
now clearly recognized for several species within the EEP
region. Nonetheless, only 13 of 38 wvalid zooxanthellate
species (Reyes Bonilla 2002) have been studied, and
numerous areas within the EEP have not been investigated.
Several of the unstudied species, in the genera Pocillopora
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(6 of 8 species), Porites (7 of 9), and the family Agariciidae
(8 of 13), contribute significantly to coral communities and
reef frameworks in many areas. Since most of our under-
standing of coral sexuality, mode of development, timing of
spawning, and fecundity has been gained from histological
studies, numerous questions remain that are best addressed
by direct observations in the field.

Both sexual and asexual reproduction contribute impor-
tantly to recruitment in the EEP, but their relative contri-
butions with respect to species and environmental conditions
need to be clarified and quantified. For example, how might
the spatial occurrence of potentially stressful natural impacts
affect coral community structure and diversity, reef growth,
recruitment, and recovery processes? Coastal Mexico and
her offshore islands are subject to frequent hurricane effects;
are these critical drivers of asexual propagation compared
with other eastern Pacific areas? Upwelling centers occur in
several areas off Mexico and in the EEP, and it is known that
sexual reproduction in several species is greatly diminished
during upwelling activity. Freshwater discharge and sedi-
mentation reach extreme levels off Colombia and northern
Ecuador, but no information has been published on how
these conditions affect coral reproduction along this coastal
corridor. Finally, preliminary evidence shows that the sud-
den thermal swings that accompany ENSO events are cor-
related with atypical reproductive activity. Since no two
ENSO cycles are identical, spatially or with respect to
severity and duration, continuing research is necessary to
relate critical stressors to their regional influence on coral
reproduction.

While several kinds of anthropogenic stressors have been
noted to affect eastern Pacific reefs (Cortés 2003), e.g.
deforestation and coastal development, overfishing, and
agricultural chemicals, no studies have examined directly
how these affect coral reproduction. Past work has been
conducted on reefs lacking signs of direct human impact.
Therefore, it is urgent that attention be directed toward an
assessment of coral reproduction at coastal and island sites in
the EEP where human activities are now encroaching on
coral populations and coral reefs. The interactive effects of
natural and human-induced stresses on coral reproduction
are largely unknown. Reproduction is a vital life history
function and for coral reef ecosystems to survive into the
future it must not be compromised.
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