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Abstract Soft corals show a wide variety of repro-
ductive strategies, including both asexual and sexual
reproduction which can influence macro-evolutionary
processes. The octocoral Carijoa riisei has an ample
geographical distribution in Pacific and southern
Atlantic and also in Caribbean region. This species
was considered invasive in Hawaii, and its capacity for
rapid proliferation is recognized, but recent studies,
however, have indicated that it appears to be native to
the Indo-Pacific region. The present study examined
the reproductive biology of C. riisei in the Atlantic
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basin. The results were then compared to previous
studies of the same species from the Pacific (Hawaii)
and Caribbean (Puerto Rico) regions to examine the
hypothesis that the reproductive patterns of C. riisei
populations are the same throughout its geographical
distribution, independent of its native or non-native
status. Samples were collected on a monthly basis
from May/2007 to April/2008 at Porto de Galinhas
(Pernambuco State, Brazil). This species was found to
have similar reproduction patterns in Brazil, the
Caribbean, and in Hawaii (a gonochoric reproductive
pattern and continuous and asynchronous gamete
release). The similarities of their traits contribute to
its rapid proliferation and occupation of spaces left by
other species, independent of its native or non-native
status.

Keywords Reproductive biology - Snowflake
coral - Octocorallia - Brazil

Introduction

Sexual reproduction processes are usually fundamen-
tal to maintaining populations and influence macro-
evolutionary processes (Kahng et al., 2011). Soft
corals belong to the Order Alcyonacea and show a
wide variety of reproductive strategies, including both
sexual and asexual reproduction (e.g., Benayahu &
Loya, 1984; Alino & Coll, 1989; Sammarco & Coll,
1992). Three gamete release strategies have been

@ Springer



202

Hydrobiologia (2014) 734:201-212

observed in these corals: gamete release with external
fertilization (spawners); internal brooding; and exter-
nal surface brooding (Benayahu et al., 1990; Bena-
yahu, 1991; Dahan & Benayahu, 1997; Ben-David-
Zaslow et al., 1999; Cordes et al., 2001; see a review
by Kahng et al., 2011). Gametogenesis can be affected
by environmental factors such as water temperature,
lunar cycles and energetic resources (Ben-David-
Zaslow et al., 1999; Zeevi Ben-Yosef & Benayahu,
1999), and different populations of the same species
can show different reproductive strategies. Significant
intraspecific variability of sexual attributes may,
however, indicate that apparently conspecific organ-
isms are actually morphologically similar cryptic
sibling species (Babcock, 1995; Kahng et al., 2011).

The octocoral Carijoa riisei (Duchassaing & Mi-
chelotti, 1860) (Order Alcyonacea, Family Clavular-
iidae) is common from Florida (USA) to Santa
Catarina (Brazil) and throughout the Caribbean region
(Bayer, 1961; Pérez, 2002); it has also been recorded
in Hawaii and other Pacific sites, as well as in the
eastern Atlantic (Bayer, 1961; Concepcion et al.,
2008). This species is very abundant along the
Brazilian coast, especially in the northeastern region
of that country, and previous studies have examined
their associated fauna (Neves et al., 2007; Souza et al.,
2007) and trophic ecology (Lira et al., 2009; Gomes
et al., 2012).

Carijoa riisei was initially considered a non-
indigenous and invasive species in Hawaii and other
Pacific localities dispersed by marine vectors (Grigg,
2003), and was observed to successfully compete with,
and even grow over, black coral and other native
invertebrate forms (Kahng & Grigg, 2005; Kahng &
Kelley, 2007). Recent studies using molecular tech-
niques, however, indicated that the oldest populations
of this species can be found in the Indo-Pacific basin,
followed by Hawaii, while the youngest population
analyzed was from the Atlantic-Caribbean region—so
that it appears to be native to the Indo-Pacific region
(Concepcion et al., 2010). The ample geographical
distribution of this species may reflect multiple
introductions or ancient natural dispersals, although
cryptic variations and the poorly resolved taxonomy of
this species may have contributed to reports of its
occurrence in many parts of the world (Concepcion
et al., 2008, 2010). Concepcion et al. (2008), in fact,
reported the existence of a cryptic species (transparent
individuals of C. riisei) in Hawaii.
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While studies on the reproductive biology of C.
riisei have been conducted in Hawaii (Kahng et al.,
2008) and Puerto Rico (Bardales 1981 in Kahng et al.,
2011), there have been no previous examinations of
the sexual reproduction of established populations in
the southern Atlantic Ocean region. Considering the
ample geographical distribution of this species, the
unresolved species-level taxonomy of this genus in the
Indo-Pacific region (Fabricius & Alderslade, 2001),
and its capacity for rapid proliferation (as was seen in
mesophotic reef habitats in Hawaii), the present study
should provide important insights into the ecology of
this puzzling species.

We, therefore, sought to characterize the sexual
reproduction of C. riisei in the tropical South Atlantic
and compare the results to previous Hawaiian and
Caribbean investigations to examine the hypothesis
that the reproductive patterns of C. riisei are the same
in different populations, and that its rapid proliferation
is characteristic of the species, independent of its
native or non-native status.

Materials and methods
Study site and sampling

The present study was undertaken on coastal reefs at
Porto de Galinhas beach, Pernambuco State, Brazil
(8°30'20”S x 35°00'34"W) (Fig. 1) in a natural reef
pool up to 8 m deep that is locally known as “Piscina
dos 8” or “Boca da Barra”. Sampling was carried out
along a 6-m vertical wall of an established population
of C. riisei extending from the water surface to the
ocean floor.

The local climate is tropical humid with a mean
annual temperature of 25°C (with fluctuations smaller
than 5°C), a dry season (less than 100 mm/year) from
September to February, and a rainy season
(1,850-2,364 mm/year) from March to August
(Medeiros et al., 1999). Water salinity (using a
refractometer) and temperature (using a manual
instant-read thermometer) were measured on each
sampling occasion and remained stable throughout the
study period, with means of 37.7 4+ 0.56%. and
27.6 £ 0.41°C, respectively, values within the normal
range for the area (Medeiros et al., 1999).

In order to study the cycle of gonad development of
this species and determine its reproductive season,
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Fig. 1 Geographical
localization of the Porto de
Galinhas beach on the coast
of Pernambuco State, Brazil

Coast of Pernambuco

.
.
.
.
.
.
.
.
.
.
.
.
.
.

35°30° SS'IW

samples were collected on a monthly basis from May/
2007 to April/2008 (except in March/2008, due to
persistent bad weather conditions). Fifty axial polyps
were haphazardly collected each month at two depths
(25 samples at two meters, and 25 samples at six
meters). Specimens were collected from discontinu-
ous aggregations at least 2 m apart to reduce the
probability of sampling the same genet multiple times.
The two depths were sampled only to increase the
variability of samples and the power of inference of
the results, since the colonies at 6 m were higher,
despite being the same species. The study did not aim
to compare the profundities as they were very close.
The samples were placed in tagged plastic bags in situ,
fixed in 4% formaldehyde in seawater for 24 h,
washed with running fresh water in the laboratory,
and subsequently preserved in 70% alcohol. The
number of colonies, polyps, and oocytes used in each
studied parameter is presented in Table 1.

Sexuality and sex ratios

Ten secondary polyps (emerging from axial polyps)
and ten tertiary polyps (emerging from secondary
axial polyps) were randomly removed from each
sample and dissected under a stereomicroscope to
determine their sexual categories: male, female, sterile
(no gonads), or undefined (the gender could not be
determined through gonad analysis). The data subse-
quently analyzed by log-linear testing using Systat 8.0
software (Wilkinson, 1996), considering the collection
months.

The sex ratios were determined for the whole study
period; significant deviations from 1:1 ratios were
determined using Chi square testing (3?) (Sokal &
Rohlf, 1996). The height of the primary axial polyp of
each colony was measured (in millimeters) using a
digital caliper to assess colony size distributions. The
measure was taken from the basis, the point of fixation
of the colony in the substrate (where the colony was
cut during the sampling), until the tip of the axial
primary polyp. The Chi square test was also used to
compare the distributions of colony size categories;
and the sizes of fertile and sterile colonies were
compared (¢ test) using Systat 8.0 software (Wilkin-
son, 1996). Colony size at first sexual maturation was
also assessed.

Gametogenesis and the reproductive cycle

Three polyps were randomly selected among the
sampled colonies on a monthly basis for gametogen-
esis characterization. The polyps were immersed in
2% nitric acid for 24 h for decalcification (modified
from Mahoney, 1966), dehydrated in pure ethanol,
diaphanized in xylene, and embedded in paraffin;
6-8 pm histological sections were subsequently
stained with hematoxylin and eosin (HE) for micro-
scopic analyses, according to Belém (1987). Slides of
gonads in different stages of development were
photographed under a microscope.

The polyps of the female colonies were dissected
under a stereomicroscope to characterize the repro-
ductive statuses of the corals. The diameters of 1,100
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Table 1 Samples number of colonies, polyps, and oocytes of Carijoa riisei used for each kind of study at Porto de Galinhas beach,

Pernambuco State, Brazil

Parameters Relative number

Total number Remarks

Colony sizes 50 Colonies/month

Sex ratio and 50 Colonies/month

Sexual categories 20 Polyps/month
Gametogenesis 5 Colonies/month
3 Polyps/colony

10 Oocytes/polyps
Oogenesis synchronization 5 Colonies/month
5 Polyps/colony

10 Oocytes/polyps

Oocyte sizes, fertility 10 Colonies/month

and fecundity 3 Polyps/colony

100 Oocytes/month

550 Colonies 275 colonies at 2 m
275 colonies at 6 m
550 colonies 10 secondary polyps/month
1,100 polyps 10 tertiary polyps/month
165 polyps

1,650 oocytes

10 colonies For this analyses only

January and June

50 polyps
samples were used

500 oocytes
330 polyps
1,100 oocytes

oocytes were measured and divided into three size
classes corresponding to their developmental stages
(primordial: <100 pm  diameter; intermediary:
100-320 um; mature: >320 pwm) modified from Zeevi
Ben-Yosef & Benayahu (1999). The frequencies of the
classes were assessed each month using log-linear
testing. A histogram was constructed of total and
monthly oocyte size distributions (divided into smaller
intervals) to evaluate the reproductive cycle of this
species.

Ten colonies were analyzed, five in January (dry
season) and five in June (rainy season), to assess
possible oogenesis synchronization. Five polyps from
each of these ten colonies were randomly selected and
dissected, and the diameters of their oocytes measured
to calculate the percentages of polyps at each stage.
Synchronization levels were determined by the size
frequency distributions of oocytes among polyps
within the same colony (intra-colony synchronization)
and among polyps of different colonies (inter-colony
synchronization).

The fertilities of male and female colonies were
calculated in two ways: (1) as the percentage of fertile
polyps containing gonads; and (2) as the percentages
of female and male polyps having mature gonads.
Both fertility values were analyzed using log-linear
testing, considering polyp sex and the degree of
ramification of each polyp (secondary or tertiary).
Fecundity was calculated as the average number of
mature oocytes per polyp. The significance level used
in all statistical tests was oo = 0.05.
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Results
Sexuality and sex ratios

All of the C. riisei colonies examined were gonoch-
oric, as determined by microscopic and histological
analyses. Of the 550 colonies examined, 202 (36.7%)
were female, 187 (34%) were male, 22 (4%) were
indeterminate, and 139 (25.3%) were sterile. The
sexual category percentages varied considerably dur-
ing the year (;{2 = 7.94; d.f. = 3; p = 0.0472), but no
seasonal pattern could be determined (Fig. 2a). Fertile
colonies were more frequent than sterile colonies
(x> = 9.056, d.f. = 1, p = 0.0026), with frequency
differences between female and sterile colonies
(;(2 = 9.056, d.f. = 1, p = 0.0026) and between male
and sterile  colonies (xz =7.574, df =1,
p = 0.0059). The sex ratio was 1:1, without any
significant differences between male and female
colony frequencies during the year.

Carijoa riisei colonies in the study sites were
between 37 and 355 mm in height and the predomi-
nant size class (accounting for up to 72% of the
samples) was 80—160 mm. The mean fertile colony
size was 132 £ 2.11 mm (mean =+ standard devia-
tion; n = 411), while the mean sterile colony was
118.6 + 3.68 mm (n = 139); being significantly dif-
ferent (r = 3.192; d.f. = 525;p = 0.0015). Large and
small colonies of both genders were found. The
smallest colony with spermaries was 52.8 mm in
height, while the smallest with oocytes was 53.9 mm.
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Gametogenesis descriptions and the reproductive
cycle

The gonads of both genders developed along the
mesenteries. Immature gonads were attached to the
mesentery by a pedicel, gradually becoming detached
during maturation. All of the developmental stages of
C. riisei gonads were observed in the present study.
The oocytes were covered with a thick follicular cell
layer that varied in color from transparent to peach,
according to their diameters. The oocytes had well-
defined internal regions with a readily visible nucleus
(Fig. 3a, b). Oogenesis can be classified into three
developmental stages. During stage 1, the oocytes were
transparent due to an almost complete absence of
cytoplasm, being closely grouped together and firmly
attached to the mesentery. The diameters of these
primordial oocytes ranged up to 100 pm, with a mean
of 80.6 £ 15.7 um (n = 282). In stage 2, intermediary
oocytes were attached to the mesenteries by pedicels,
with diameters ranging from 100 to 320 pm (mean
175.7 £ 52.5 pm; n = 547). These oocytes showed
little pigmentation and could be identified by their light

peach color and a distinct follicular layer. In stage 3, the
oocytes had reached maturity with diameters greater than
320 pm (600 pm maximum, mean 466.7 £+ 54.2 um;
n = 221), being weakly attached or totally detached
from the mesenteries. Oocytes >300 um in diameter
were consistently pigmented and became darker as their
diameters increased.

There were significant monthly differences among
the three oocyte size class percentages during the
entire  study period (x> = 74.94, d.f. =20,

p = <0.0001) (Fig. 2b), with oocytes of all size

classes (different developmental stages) being consis-
tently found every month with bimodal frequency
distributions, with a peak in classes <300 pm and a
less prominent peak >400 pm (Fig. 4).

Male colonies showed development patterns sim-
ilar to those of female colonies, and all spermary
developmental stages were recorded throughout the
year. Their pigmentation development, color, and
general appearances were similar to the oocytes
(Fig. 3c), although mature spermaries were smaller
than oocytes, ranging from 60 to 440 um (average
247.87 £ 74.22 pm; n = 250).

@ Springer
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Fig. 3 Gonads of Carijoa riisei a Histological section and
b view under stereomicroscope of female polyp with oocytes at
different stages of development (arrows): I Primordial; 2
Intermediary; 3 Intermediary oocyte attached to the mesentery
by pedicel; ¢ male polyp with spermaries in different stages of
development

ORRAINPO 10 N

Fig. 4 Bimodal frequency distributions of the sizes (um) of
Carijoa riisei oocytes during the study months at Porto de
Galinhas beach, Pernambuco State, Brazil

@ Springer

The levels of intra-colony and inter-colony synchro-
nization were often low, in either the dry (January) or
rainy (June) season (Fig. 5). No significant differences
were observed between the percentages of fertile polyps
(with gonads) of males and females, or between
secondary and tertiary polyps. No evidence for internal
fertilization or for internal or external surface brooding
was observed in the polyp cavities in histological cuts or
in dissections of the 7191 polyps examined. Mature
gonads were found in 37% of the polyps of female
colonies and 49.20% of the polyps of male colonies
(F=7975, df. =1, p=0.0047). Fertility was
greater on tertiary polyps (x° =119, df =1,
p = 0.0006). Average female fecundity, considering
the numbers of mature oocytes per polyp, was
3.54 4+ 2.44. This average was not determined for
males, but it was found a large numbers of mature
spermaries per polyp (often >100).

Discussion

Carijoa riisei has a gonochoric reproductive pattern in
northeastern Brazil with a 1:1 sex ratio and continuous
and asynchronous gamete release, similar to reports of
populations in Hawaii and Puerto Rico (Table 2).
Although soft coral sexuality has been reported to vary
geographically (Benayahu et al., 1990; Ben-David-
Zaslow et al., 1999), this has not been seen with C.
riisei. The uniformity of its reproductive pattern
indicates that this is an intrinsic characteristic of the
species that allows its rapid proliferation.

Kahng et al. (2011) proposed that certain reproduc-
tive characteristics (such as oocyte sizes) are associated
with subclades, while other characteristics are common
to most octocorals (such as the prevalence of gonocho-
rism and broadcast spawning). As certain reproductive
characteristics may be conserved in the genus Carijoa,
similarities between Caribbean, Pacific, and southern
Atlantic basin populations do not necessarily prove their
cospecificity. Comparative studies of morphological
and molecular data from large numbers of populations
in these localities will be necessary to confirm their co-
specificity, as was noted by Concepcion et al. (2010).

The observed gonochorism of the C. riisei popula-
tion in Brazil followed the usual octocoral pattern (see
a review by Kahng et al., 2011). Both genders were
reported on the same polyp mesentery in Hawaii, but
these authors considered it to be a rare occurrence
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Fig. 5 Intra-colony (among
polyps of the same colony,
numbered 1, 2, 3) and inter-
colony (among colonies
labeled A, B, C, D, E)
synchronicity among female
Carijoa riisei colonies
sampled at Porto de
Galinhas beach,
Pernambuco State, Brazil in
January (a) and June (b).
(magnification 200x).
Oocyte sizes (diameters) in
pm
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Table 2 Comparisons of the main reproductive characteristics of the octocoral Carijoa riisei from the Caribbean and Indo-Pacific

regions and southern Atlantic

Caribbean Indo-Pacific Southern
Atlantic
Locality Puerto Rico Hawaii Brazil
Depth ? 0-26 m 0-6 m
Sexuality Gonochoric with rare hermaphroditic Gonochoric with rare hermaphroditic Gonochoric
colonies colonies
Sex ratio (F:M) 1:1 1:1 1:1
Mode of reproduction ? Broadcast spawning Broadcast
spawning

Minimum reproductive size ? 2.5 for male 5.3 for male

(cm) 5 for female 5.4 for female
Max oocyte (pum) ? 550 600
Oogenesis (months) ? <12 Probably <12
Polyp fecundity® ? 7.4 35
Breeding period Continuous Continuous Continuous

References

Bardales 1981 in Kahng et al. (2011)

Kahng et al. (2008, 2011)

Present study

* Numbers of mature oocytes (>250 um for Hawaii and >320 pum for Brazil) per polyp

(Kahng et al., 2008). The regular occurrence of

hermaphroditic and gonochoristic colonies has been
reported before (McFadden 1999,2001; Schleyer et al.,

2004) but this may have been due to the presence of
cryptic species (McFadden et al., 2006; Kahng et al.,
2011).
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The minimum size at which octocorals are capable
of reproducing is variable (Benayahu & Loya, 1984;
Coma et al., 1995). There are significant advantages to
initiating sexual reproduction while the colonies are
still small in unstable environments as mortality rates
can be quite high (Excoffon et al., 2004), and
accelerated initial growth can help colonies attain
the minimum size necessary for reproduction—thus
diminishing the risk of death before reproducing
(Gutierrez-Rodriguez & Lasker, 2004). In all of the
populations of C. riisei studied to date, the minimum
reproductive size was ~ <5 cm (considering the
height of the primary axial polyp) (Table 2). This
species demonstrates rapid initial growth (Kahng 2006
in Kahng et al., 2008 for Hawaii; Perez, unpublished
data, for Brazil) and can initiate reproduction just a
few months after larval settlement (Kahng et al.,
2008).

The sex ratio for C. riisei in the present study was
the same as that reported in Hawaii and Puerto Rico
(Kahng et al., 2008, 2011) and in other octocoral
populations (Schleyer et al., 2004; Fan et al., 2005;
Tsounis et al., 2006).Gonad production and develop-
ment in C. riisei are similar to those processes seen in
other octocorals, as the gonads are generated on the
mesenteries and later migrate to the polyp cavities
while still held on pedicels (Farrant, 1986; Benayahu,
1991; Dahan & Benayahu, 1997; Kapela & Lasker,
1999; McFadden & Hochberg, 2003; Gutierrez-Rodri-
guez & Lasker, 2004; Hwang & Song, 2007; Seo et al.,
2008). Both male and female colonies in the C. riisei
population studied here consistently showed sperma-
ries and oocytes, respectively, at different develop-
ment stages during every month throughout the year,
indicating that they were continually reproducing and
releasing gametes (as had been observed in both
Hawaii and Puerto Rico) (Kahng et al., 2008, 2011).
This behavior, associated with its capacity for vege-
tative reproduction, gives this species a significant
advantage in colonizing new environments and
increasing its geographical distribution (Kahng et al.,
2008).

The maximum oocyte size of C. riisei (600 um)
was similar to that seen in Hawaii for the same species
(Kahng et al., 2008). The mature oocytes of most
alcyonaceans are >500 pm diameter (Choi & Song,
2007), even in species with different reproductive
strategies such as internal brooding (Benayahu &
Loya, 1983; Benayahu, 1991; Kruger et al., 1998),
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spawning (Benayahu & Loya, 1984, 1986; Farrant,
1986; Dahan & Benayahu, 1997; Kapela & Lasker,
1999; Schleyer et al., 2004; Fan et al., 2005), or
external brooding (Brazeau & Lasker, 1990; Gut-
ierrez-Rodriguez & Lasker, 2004). Most octocoral
species with mature oocytes approximately 500 pm in
diameter are found in tropical regions, although some
inhabit temperate zones (Farrant, 1986; Excoffon
et al., 2004; Hwang & Song, 2007; Seo et al., 2008). In
their review of octocoral reproduction, Kahng et al.
(2011) noted that zooxanthellate species have signif-
icantly larger oocytes than azooxanthellate species,
suggesting that symbiotic relationship with photosyn-
thetic microalgae aids in the provisioning of oocytes.
In spite of the fact that C. riisei is azooxanthelate, its
oocytes are large and well-provisioned, which would
be expected to enhance their initial survival (Kahng
et al., 2011). None of the studies undertaken to date
with C. riisei has examined their larva to determine
their pelagic duration or settlement patterns, factors
that could also help explain its wide geographical
distribution (the Indo-Pacific, Caribbean and Atlantic
basins). Importantly, no indication of internal fertil-
ization was noted among the 2000 polyps analyzed in
Hawaii or the more than 7000 polyps analyzed in the
present study—indicating that this species liberates its
gametes directly into the water. Continuous reproduc-
tion without prolonged internal brooding probably
facilitates the high and continuous production of
planulae and guarantees free space in the polyp cavity
for the development of additional oocytes (Vermeij
et al., 2004). Bardales (1981 in Kahng et al., 2008) and
Calcinai et al. (2004), however, assumed that C. riisei
provided internal brooding, as they observed a single
polyp with a planula larva inside. Loose oocytes have
also been observed in the gastrovascular cavities of
polyps in Indonesia (Calcinai et al., 2004), and these
same authors encountered only female colonies, and
smaller oocytes, than were observed in Hawaii or
Brazil (maximum of 451 pum). These differences will
have to be examined in more detail, as they may either
reflect cryptic species or real changes in reproductive
modes in different geographical regions.

Carijoa riisei was observed with oocytes in every
developmental stage throughout the year, peaking in
the <300 um class. Mature oocyte frequencies were
probably low because they are soon released in the
environment for fertilization, while the primordial and
intermediary stages remain connected to the
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mesenteries until maturation. This same pattern has
been recorded in many gorgonian octocorals (Brazeau
& Lasker, 1989; Brito et al., 1997; Orejas et al., 2002;
Excoffon et al., 2004). The bimodal distribution of
oocyte sizes demonstrated consistently low numbers
of oocytes in the 300-400 um range, suggesting that
growth through this stage is very rapid and monthly
collections could not be sufficient to detect this
developmental stage, although it could also reflect
the reabsorption of small oocytes. A similar situation
was observed in Acabaria biserialis Kukenthal, 1913,
in which size class distributions indicated fast initial
development followed by slow and continuous mat-
uration, and possibly the reabsorption of mature
oocytes (Zeevi Ben-Yosef & Benayahu, 1999). Asyn-
chronous spawning with continuous gamete release
also allows C. riisei to more efficiently exploit
substratum availability and favorable recruitment
conditions (Kahng et al., 2008, 2011). Substrate
availability to larval settlement seems to be related
with reproductive strategy, even during an epibiosis
relation. This is the case of the epibiotic soft coral
Alcyonium coralloides that presents short gametogen-
esis and timing as an adaptation to optimize the
colonization of its host, the gorgonian octocoral
Paramuricea clavata (Quintanilla et al., 2013).

Coral reproduction in some species (including
gamete maturation and release) has been directly
related to high seawater temperatures (Harii et al.,
2001; Neves & Pires, 2002; Vermeij et al., 2004). The
resident population of C. riisei in Pernambuco is
exposed to essentially constant high water tempera-
tures throughout the year (with essentially no seasonal
temperature variations), which could contribute to the
liberation of gametes at any time. Food resource
availability is also a critical factor for gonad produc-
tion in azooxanthellate octocorals, as they depend on
planktonic resources for the metabolic energy required
for growth and reproduction (Fabricius et al., 1995a,
b). Lira et al. (2009) and Gomes et al. (2012)
undertook a study focusing on C. riisei in the same
area as the present project, and encountered an ample
spectrum of prey in the gastric cavities of its polyps
throughout the entire year [predominately phytoplank-
ton (diatoms and cyanophytes) and fragments of
crustaceans]. Thus, high seawater temperatures and
consistent food availability in the study area appears to
facilitate the production of large numbers of gonads
throughout the year in this octocoral.

It was not possible to determine the duration of the
spermatogenic and oogenic cycles in C. riisei due to
the continuous presence of gonads with oocytes and
spermaries in all developmental stages throughout the
entire study period. In alcyonaceans, the simultaneous
development of multiple but distinct oocyte age/size
classes has been associated with overlapping oogenic
cycles lasting more than a year (Benayahu, 1997).
Kahng et al. (2008) observed that the multiple
overlapping of C. riisei oogenic cycles in Hawaii
appeared to result from continuous breeding associ-
ated with high fecundity and rapid oogenesis. These
same authors could not determine the duration of
gametogenesis of C. riisei for the same reasons cited in
the present study, but suggested that oogenesis may be
shorter than a year, as inferred by the small sizes of
these corals when they initiate their first reproductive
cycle (male: 2.5 cm; female: 5 cm; Kahng et al., 2008)
and their fast growth rates. Early first reproduction was
also observed in the present study.

Variability of individual fertility and fecundity has
frequently been reported within octocoral colonies
(e.g., Brazeau & Lasker, 1990; Coma et al., 1995).
Significantly different mature oocyte distributions
were observed among secondary and tertiary polyps
of C. riisei, although no significant differences were
recorded among mature spermaries. Younger tertiary
polyps emerging from secondary polyps showed
higher fertility levels. These differences may be
related to currents and to food resource availability
or even to differentiation of the functions of polyps in
relation to their positions within the colony, as was
pointed out by Orejas et al. (2002). This same situation
was not observed in male colonies, perhaps due to the
fact that males generally require less energy for
gametogenesis than females (Benayahu, 1997) and
male invertebrates commonly released their gametes
prior to the females (possibly stimulating oocyte
release) (Levitan, 2005).

Concepcion et al. (2010) analyzed populations of C.
riisei from Hawaii, from various other localities in the
Indo-Pacific and Caribbean regions (Florida, Panama,
and Puerto Rico/US Virgin Islands), and from a single
locality in the southern Atlantic (the southeastern
coast of Brazil) and demonstrated that the Brazilian
samples shared alleles with all other Atlantic locations
and also refuted a Caribbean-Atlantic introduction of
Carijoa to Hawaii, however, a modern introduction
from another source is still possible. This scenario
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goes against the view of the introduction of C. riisei
from the Caribbean to Hawaii, as has been suggested
by a number of authors (Thomas, 1979; Coles &
Eldredge, 2002; Calcinai et al., 2004; Kahng & Grigg,
2005). These interesting results helped to define the
biogeographical history of C. riisei, although a
matching source population has not been found.
Although potential cryptic species (Concepcion
et al., 2008) were excluded from the molecular study,
there is still the possibility of the existence of cryptic
species in some of the numerous localities in which
this taxon has been recorded.

As such, it is not yet possible to definitively
determine if the presence of C. riisei in Hawaii is the
result of a recent introduction followed by differential
asexual proliferation of clones among the islands; the
result of multiple introductions; or if the species was
historically present but only recently detected, or
combinations of any of these possibilities (Concepcion
et al., 2010). Even if C. riisei had resided for a long
period of time in Hawaii, its recent massive prolifer-
ation at depth throughout the many islands there was
only recently noted. A number of biological charac-
teristics apparently facilitated this process, including
rapid growth, small size at the time of initial sexual
maturation, gamete liberation throughout the year, and
vegetative growth that allows rapid occupation of
substrates and the exclusion of local species. This
octocoral occupies many different natural and artifi-
cial substrates in Hawaii and directly competes with
other species (Grigg, 2003; Kahng & Grigg, 2005;
Kahng & Kelley, 2007). C. riisei is widely encoun-
tered on coastal reefs off the coast of northeastern
Brazil, as well as on piers and wooden structures near
estuaries, and is especially abundant on shipwrecks,
thus constituting part of the fouling community
(Amaral et al., 2009/2010). This distribution pattern
has been observed along the coastal areas of other
Brazilian states from Maranhdo in the north to Santa
Catarina in the south. Independent of the origin of C.
riisei and of the processes that led to its introduction or
dispersal over such an extensive geographical area, the
species demonstrates rapid populational dynamics
with elevated vegetative growth rates and continuous
sexual reproduction. These characteristics favor its
rapid proliferation in appropriate environments and
could explain its populational explosion along
mesophotic reefs in Hawaii. This appears to be an
example of opportunist behavior, in which a given
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species can take advantage of reductions in the
abundance of superior competitors, as has been
reported with other cnidarians considered weedy
species (Hawkins et al., 1999; Shaish et al., 2010).

The present study demonstrated that C. riisei
populations have similar reproduction patterns in
Brazil, the Caribbean, and in Hawaii. The similarities
of their traits contribute to its rapid proliferation and
occupation of spaces left by other species, independent
of its native or non-native status. More detailed studies
will be needed to firmly establish their historical—
geographical relationships, including additional mor-
phological and molecular investigations using larger
numbers of survey populations.
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