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Abstract

Marine invertebrates can display several reproductive strategies, from external reproduction to parental care. Internal brooding
is particularly relevant in harsh conditions, like Antarctic/sub-Antarctic waters and deep-sea, since it maximizes the survival
of the young. Actinostola crassicornis is an abundant and widely distributed sea anemone from the southwestern Atlantic
Ocean. It can be found all along the Argentinean sea down to 1200 m depth, usually in large numbers. It is a unique species
in the area, since it is a large white brooding sea anemone. We studied 75 specimens collected by the O/V Walther Herwig
and the O/V Puerto Deseado all along its distribution, from about 60 m to 800 m depth, in different seasons of the year. All
the specimens were sexed, and the presence of free oocytes and juveniles inside the coelenteron were assessed. Large oocytes
(over 500 pm) and juveniles were found in samples from most of the sampled months. We found a larger number of female
specimens, and most of the brooding specimens were female. No early developmental stages were found smaller than a sea
anemone with about 12 tentacles. We conclude that A. crassicornis reproduces continuously throughout the year and that
although most of the juveniles were found in females, male specimens can breed. Brooding has great benefits in terms of
protecting the offspring, since predation upon the juveniles is prevented, but dispersal of the offspring is low, shown by the
aggregated distribution of the species.
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Introduction

Marine invertebrates can display several reproductive strat-
egies, from external reproduction to parental care. Pelagic
development of the larvae has been assumed to be plesio-
morphic, so the particular reproductive strategy may be an
adaptation to the particular environmental conditions or the
reflection of a phyletic constraint (Pearse et al. 2009 and
references herein). For example, despite the fact that parental
care is quite common in the Southern Ocean, it seems not
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to be related with the conditions of the area (Pearse et al.
2009).

Sea anemones (Cnidaria: Actiniaria) are usually well rep-
resented in the benthic community. They are widely spread:
from the intertidal zone to the oceanic depths and from the
equator to the poles, but since their identification requires
both morphological and histological examinations, they are
usually under-represented in the scientific literature (Hiu-
ssermann 2004a). Worldwide there are about 1200 known
species, and about 50 were found in Argentinean waters
(Fautin 2013; pers. obs.).

Brooding is not common in sea anemones (Chia 1976). At
least 69 sea anemones species have been reported as brood-
ers, both internal and external (Larson 2017). Internal seems
to be more abundant than external brooding (50 spp. vs 19
spp.), and most of the cases have been reported within Acti-
niidae: 26 internal and 16 external (Larson 2017). Only eight
species of Actinostolidae have been reported as brooders
(all internal), including Actinostola crassicornis, a relative
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abundant species in the southwestern Atlantic Ocean (SAO)
off Argentina.

The deep sea is the largest known habitat hosting, and it
has turned to host plenty of species, many of them unknown
(500,000 to 10,000,000 upon diverse estimation, Brokeland
and George 2009). Information about diversity, ecology,
feeding and reproduction is also scarce in this environment,
and the SAO deep sea is no exception. Sea anemone abun-
dance is usually low, and resampling in the same area is
uncommon: deep-sea research is difficult and expensive,
which leads to a scarce knowledge of deep-sea anemone
biology.

Actinostola crassicornis (Hertwig, 1882) is one of the
most abundant sea anemones from the Argentinean platform
and upper slope (pers. obs.). It is a unique species in the
area, since it is a large white sea anemone, with a smooth
column (Fig. 2a), which sets it apart from all other known
species in the area of study, and presents a wide geographic
and batimetric distribution. It has been found in the SAO
from 38° S to 54° S, and from 34 to 1200 m depth (Riemann-
Ziirneck 1978; Rodriguez and Lépez-Gonzalez 2013), and
its distribution may also include Antarctic waters (Fautin
1984), but the identity of Antarctic specimens has been
questioned (Haussermann 2004b; Rodriguez and Lépez-
Gonzalez 2013). Previous studies have reported the presence
of juveniles in the interior of the coelenteron of A. crassi-
cornis (Riemann-Ziirneck 1978; Fautin 1984; Rodriguez and
Loépez-Gonzélez 2013); Zamponi (1984) studied the larval
development of samples assigned to A. crassicornis based
on planktonic samples (although it is not possible to confirm
the identification of the larvae with the information provided
in the paper). To date there is no detailed description of this
phenomenon based on a large set of samples from the SAO
collected throughout the year, including sex proportion and
sex of the brooding specimens. Here we describe the brood-
ing behavior of A. crassicornis based on samples from the
SAO.

Materials and methods

A total of 75 specimens of Actinostola crassicornis from
the SAO deep sea off Argentina were analyzed, from 59 to
800 m depth (Fig. 1 and Table 1). Forty-four were collected
by the authors onboard the O/V Puerto Deseado (CONI-
CET) and 31 were collected by the O/V Walther Herwig
expeditions (1966 and 1970/71) (Table 2). Photographs of
selected specimens were taken using a Nikon D800 SRL
digital camera with a Nikkor 60 mm F2.8 macro lens. Later,
at least one cross section below the actinopharynx level of
each specimen was made (Fig. 2b). The complete interior
of each sea anemone was checked for oocytes, larvae, and/
or juveniles (Fig. 2c, d) under a stereoscopic microscope.
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Fig. 1 Sampling stations along the Argentinean coast. Numbers next
to the stations correspond to the code number in Table 1

When any of those were found, they were counted, measured
(length and width) and the number of tentacles was counted
in selected specimens, as a proxy of developmental stage.
Here we follow Larson (2017) definition for larva (a devel-
opment stage from postembryonic stage to metamorphosis,
deferring from the adult in morphology, nutrition or habitat),
juvenile (prefertile individual with at least one cycle of ten-
tacles and mesenteries, a mouth and a pedal disc), brooding
(retention of an individual by the adult to at least a juvenile)
and fostering (an individual brooding an individual from
another adult).

The sex of the 44 specimens stored at the Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia”
(MACN) was determined using histology. Small fragments
of the specimens were dehydrated and included in paraffin,
sectioned at 5-10 pm and stained with Azocarmine triple
stain or eosin-hematoxylin stain (Humason 1967; Suvarna
et al. 2013). Digital images were taken using an AxioCam
HRc camera on an Axio Imager Z1 Zeiss microscope. For
the 31 specimens stored at the Zoological Museum of
Hamburg (ZMH), the sex was inferred based on the exami-
nation of the mesenteries under a stereoscopic microscope.
Males and females with well-developed gametes were eas-
ily identified, but for some specimens it was not possible
to see any gametes (even after doing histological sections),
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Table 1 Sampled stations along the southwestern Atlantic Ocean off Argentina

Vessel Date (dd/mm/yyyy) Station code (# in Fig. 1) Lat. (°S) Long. (°W) Depth (m) # Specimens
Walther Herwig 31/12/1970 120 (1) 37° 44! 55° 04’ 505 1
Puerto Deseado 10/08/2012 3(12) 37°59.657' 55°13.050" 250 5
Puerto Deseado 17/08/2012 33 (3) 37° 58.698' 55°11.899’ 308 22
Walther Herwig 22/07/1966 395 4) 38° 11" 55°20' 400 1
Puerto Deseado 11/09/2009 9(5) 38°50.91' 55° 34.585' 145 3
Puerto Deseado 11/09/2009 8 (6) 38°50.980' 55°39.107' 114 5
Walther Herwig 20/06/1966 275 (7) 40° 47 56° 38’ 520 1
Walther Herwig 20/06/1966 276 (8) 40° 52’ 56° 42’ 380 1
Walther Herwig 23/02/1971 331(9) 41° 05’ 57° 15 775 1
Walther Herwig 21/02/1971 322 (10) 43°05' 61°21’ 90 1
Walther Herwig 04/06/1966 390 (11) 45°18' 59° 56 390 1
Puerto Deseado 09/04/2014 GSJ1 L131 (12) 46° 58.642' 63°37.127 104 3
Walther Herwig 17/02/1971 307 (13) 47° 05’ 62° 00 153 1
Walther Herwig 17/02/1971 303 (14) 47° 30 65° 00 78 2
Walther Herwig 20/01/1971 207 (15) 49° 03’ 66° 04 112 2
Walther Herwig 21/01/1971 209 (16) 50° 00’ 66° 51’ 102 1
Walther Herwig 15/02/1971 298 (17) 48° 58' 63° 03’ 144 2
Walther Herwig 21/01/1971 212 (18) 50° 00’ 63° 55’ 135 1
Walther Herwig 29/06/1966 330 (19) 51° 00’ 56° 24’ 530 1
Walther Herwig 24/01/1971 226 (20) 51° 28’ 56° 26’ 545 1
Walther Herwig 12/02/1971 288 (21) 51° 00 64° 00’ 145 3
Walther Herwig 10/02/1971 272 (22) 52° 20/ 61° 20 245 1
Walther Herwig 11/07/1966 356 (23) 52° 45’ 64° 02’ 310 1
Puerto Deseado 01/04/2014 E25 156 (24) 53°50.580’ 67°2.697' 59 2
Walther Herwig 02/02/1971 231 (25) 54° 38’ 62° 41’ 510 1
Walther Herwig 02/02/1971 232 (26) 54° 46’ 62° 39’ 800 2
Walther Herwig 03/02/1971 237 (27) 54° 52! 59° 29’ 465 1
Walther Herwig 04/02/1971 246 (28) 54° 21 57° 34 120 3
Walther Herwig 04/02/1971 243 (29) 54° 57" 56° 54 500 1
Puerto Deseado November - - - - 4
(# in Fig. 1) represents the number of each station in the map (Fig. 1)
# number, - data not available
Table2 Summary of the collected specimens and their reproductive characteristics

Adult specimens Juveniles

# Females/males/ indet #Brooders Months Presence of large # Months

oocytes (>500 pm)

Walther herwig 31 16/9/6 6 [-II-VI-VII-XII I-1I-VI 60 II-VI
Puerto deseado 44 29/11/4 22 IV-VIII-IX-XI IV-VII-IX 586 IV-VII-IX
Total 75 45/20/10 28 9 months 6 months 646 5 months

# number, indet indeterminate

so they were labeled as indeterminate. Differences in sex
proportion were analyzed using a Chi-square test (Xz)
(Zar 2010). Maximum oocyte diameter was measured in
histological sections where nucleus and nucleolus were
visible. To study the internal development of the juveniles

(number of mesenterial cycles, muscle development, etc.),
histological sections of selected whole specimens stored
at the MACN were made. Scanning electron microscopy
(SEM) was used to take images of small juveniles.
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Fig.2 a Living Actinostola
crassicornis in aquarium. b
Cross section of adult with
several juveniles free inside the
coelenteron. ¢ Size variation of
juveniles from a single speci-
men of 55.5 mm of diameter,
including the smaller and the
larger juvenile inside the adult
(the specimen had six broods
in total). d Scanning electron
microscopy image of a small
juvenile (note the presence of
12 tentacles)

Results

Actinostola crassicornis is a gonochoric species. From
75 specimens, 45 were female (Fig. 3a, b), 20 were male
(Fig. 3c, d) and in ten specimens no reproductive tissue
could be found (labeled as indeterminate) (Table 2), so
the female:male proportion is 2.25:1 (¥2=9.615, gl=1,
P <0.01). Adults size ranged from 19.8 to 76.6 mm in col-
umn diameter (mean value of 40.4 mm + 11.0 mm). Brood-
ing specimens ranged from 19.8 to 76.6 mm in column
diameter (mean value of 39.7 mm + 12.2 mm). Juveniles
were found in 28 specimens (37% of the studied specimens),
most of them female, except for one male specimen, one
indeterminate specimens (confirmed by histology) and one
male specimen (in the ZMH) with gametes that we could not
do histology to confirm its sex. Brooding specimens were
found in all the seasons but spring (although samples from
early September had larvae) (Fig. 4a—d). No correlation was
found between the size (diameter) or the number of juveniles
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and the size (diameter) of the brooding adult (Fig. 4e, f).
No blastula, gastrula, nor larvae were found in any of the
examined specimens. Some oocytes were free inside the coe-
lenteron, but it is possible that at least some of them were
dislodged during dissection. Large oocytes (over 500 pm
and up to 600 pm) were found in specimens from January,
February, April, June, August, and September (Table 2,
Fig. 3a, b). Most male sections (April, August and Septem-
ber) showed cysts with scarce mature sperm (Fig. 3c, d).

A total of 646 juveniles were found (but only 639 were
measured due to the contraction of some of them speci-
mens). They were found free inside the coelenteron or
between the mesenteries, and no special orientation was
detected. The largest number of juveniles in an adult was
210, and the lowest was 1 (average 23 per brooding adult).
Juveniles size and developmental stage (i.e., number of mes-
enteries and tentacles) were very variable. Juveniles ranged
from 0.48 mm (with 10?/12 tentacles visible) to 17.35 in
column diameter (3.2 mm+2.1).
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Fig. 3 Histological sections of
Actinostola crassicornis show-
ing gametogenic tissue. a Cross
section of a fertile mesentery
full of oocytes in different
developmental stages. b Detail
of a large vitelogenic oocyte
with nucleus and nucleolus.

¢ Cross section of a fertile
mesentery full of spermatic
cysts. d Detail of a spermatic
cyst. Pvo previtelogenic oocyte,
S spermatozoids, Sc spermatic
cyst, Vo vitelogenic oocyte

Juveniles were presented during most of the studied
months (February, April, June, August, and September),
but were more abundant during August (winter) (Table 3,
Fig. 4b, c¢). No juveniles were found in samples from Janu-
ary, July, November, or December. Histological sections of
the juveniles revealed a typical polyp organization (i.e., no
larvae organization).

Discussion

Actinostola crassicornis is a gonochoric brooding deep-sea
anemone, as reported by previous authors (Riemann-Ziir-
neck 1978; Rodriguez and Lopez-Gonzalez 2013). A bias
toward females was detected in the samples. Larger num-
ber of females in sea anemone populations is not rare. A
larger number of females has been reported for populations
of Epiactis prolifera (Dunn 1975a, b), Actinia equina (Chia
and Rostron 1970) and A. tenebrosa (Ottaway 1979), among
others. Dunn (1983) found a sex ratio of 5:1 (females: males)
in a subtidal population of Anthopleura handi. Neverthe-
less, since there are many indeterminate specimens in the

samples it is possible that many of those specimens were
actually males (or females) with no gametes, and that the
female:male ratio is closer to 1:1 or higher.

We found oocytes up to 600 pm inside the mesenteries
and free in the coelenteron, which is in line with previous
reports. Riemann-Ziirneck (1978) reported the presence
of five free “eggs” inside a female specimen, one of which
turned to be a blastula (i.e., she found four oocytes and
one blastula), so it is likely that the fertilization is inter-
nal. We also found free oocytes inside the coelenteron of
some females, but we failed to find any blastula, nor any
other developmental stage until juvenile of about 1 mm with
10-12 tentacles (some juveniles were completely or partially
contracted, so it was not possible to be sure of the number of
tentacles). It is possible that the first stages of development
of A. crassicornis occurs in a short period of time, which
explains why we only found juveniles. It is also possible
that free living juveniles are released (or escape) from the
female and may eventually be swallowed by adult anemo-
nes (both males and females in our case) like in Aulactinia
stella (Bocharova 2015), where the development continues.
If this is the case, then it would be a case of fostering, and
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Table 3 Summary of the juveniles per month including mean and
standard deviation value of juvenile per adult

Months #Adults #Brooders #Juveniles
(mean =+ SD per
brooder)

January 5 0 -

February 19 5 59 (11.8+12.4)

April 5 2 6

June 1 1

July 2 0 -

August 27 17 521 (30.6 +49.0)

September 3 59 (19.7+10.7)

November 4 0 -

December 1 0 -

# number, SD standard deviation, — no data

brooding and fostering can co-occur. Brooding (or fostering)
occurs mostly inside females, but males may also have juve-
niles in their coelenteron. This type of development has been
reported for Actinia equina, where the fertilization is inter-
nal but juveniles are found inside males, females and undif-
ferentiated (indeterminate in this work) specimens (Chia
and Rostron 1970). Moreover, Rostron and Rostron (1978)
reported that juveniles in A. equina do not correspond with
the “brooding” adult, based on the difference in coloration
between juveniles and brooder. Brooding male specimens
have also been found in Phymanthus crucifer (Jennison
1981). Using molecular techniques Bocharova and Mugue
(2012) showed that about 1/3 of the broods found in adult
specimens of A. stella do not correspond to the “brooding”
adult. Further research in A. crassicornis will be focused on
the relationship between the brooders and the juveniles, in
order to determine if each female broods its own offspring
(and if the broods inside the male specimens are rare cases)
or if adults brood juveniles from other specimens as a rule
(fostering) or a mix of both.

Big size oocytes (> 500 pm) were present in females
throughout the year. Some oocytes were free inside the coe-
lenteron, but it is possible that at least some of them were a
consequence of the dissection of the specimen rather than
real free oocytes. Juveniles were present during most of the
studied months, and were more abundant during August. No
juveniles were found in samples from January, July, Novem-
ber, or December, but this may be due to the low number
of samples from those months (5, 2, 4, and 1 respectively)
(Table 3). Riemann-Ziirneck (1978) found up to 50 juveniles
per adult and the largest one was about 3 cm, meanwhile
we found up to 210 juveniles per adult, and the largest was
16.8 mm, so there is a large variability in number of juve-
niles and sizes, and there is no correlation between the size
of the adult and the number or size of the juveniles. All
this evidence may indicate the lack of an annual brooding

(and gametogenic) cycle, and that the juveniles are produced
throughout the year, which is in line with the results/conclu-
sions obtained by Riemann-Ziirneck (1978). It is also possi-
ble that the apparent lack of a reproductive cycle in A. cras-
sicornis is the result of the large temporal and geographic
range of the samples analyzed by Riemann-Ziirneck (1978)
and us. This type of data is not unusual for deep-sea fauna
(e.g., Martinez et al. 2018), but it is not possible to discard
that environmental differences along the species distribu-
tion’ (from about 38° to 54°) added to particular conditions
in the different years when the samples were taken (1966,
1970, 1971, 2009, 2012 and 2014) may be hiding the pres-
ence of a non-continuous reproductive cycle. Nevertheless,
monthly samples for at least one year from the same location
are needed to confirm this hypothesis.

The number of brooding adults (and the number of juve-
niles per brooding adult) may have been underestimated,
given the possibility that juveniles may have been released
or escaped from the adult during collection. Although it
would seem unlikely that no larvae or juveniles at early
stages remained inside brooding adults, their absence could
also be justified by their release/escape during sampling.

Zamponi (1984) studied the planktonic development of
samples assigned to A. crassicornis based on samples taken
by the O/V Walther Herwig (1978), from “egg” (huevo in
the original text, probably a zygote) to halcampoid larvae.
As Riemann-Ziirneck pointed out (1986, p. 134), it is not
possible to be sure of the identity of the larvae studied by
Zamponi. Moreover, it is possible that Zamponi’s works
were made with larvae of several species, but it is not pos-
sible to be sure. Nevertheless “egg” sizes measured by
Zamponi are much smaller than the oocytes found in the
mesenteries by Riemann-Ziirneck and by us (30 to 180 pm
in Zamponi’s works vs 500 pm in Riemann-Ziirneck’s and
up to 600 um in this work), so we can be sure that at least
that part of the development reported does not correspond
to A. crassicornis.

Based on the information that we have so far, fertilization
in A. crassicornis seems to be internal (i.e., inside the coe-
lenteron of the female). Then, there are two possibilities (1)
the larvae develop inside females, but some larvae or juve-
niles are released/escape into the water column, and re-enter
the adult’s coelenteron, which will explain the broods inside
male and indeterminate specimens. In this case, this will be
a case of fostering; or (2) the larvae develop in the water and
re-enter the adults when they are at a stage with about 12
tentacles (also fostering), in which case we would expect for
a larger number of non-females specimens brooding. Finally,
the juveniles leave the adults as small sea anemones with at
least three cycles of tentacles and settle. Studies including
specimens in aquaria could confirm one of these two hypoth-
eses. Parental care has great benefits in terms of protecting
the offspring, since predation upon the juveniles is prevented
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and lack of food do not affect them as much, but it presents
a low dispersal of the broods, which explains the aggregated
distribution of the species.

There is also the possibility that asexual reproduction
is occurring in A. crassicornis. Somatic embryogenesis
has been proposed to explain the presence of juveniles in
non-female specimens of Actinia equina (Orr et al. 1982).
This will explain the presence of broods inside non-female
specimens. Although we cannot test this hypothesis at the
moment, if the juveniles were the result of asexual repro-
duction, we would expect a larger number of non-female
specimens brooding with a similar number of juveniles in
each one, and we only found a few broods in the male speci-
mens. In consequence, we believe that the juveniles found
in our specimens are not the result of asexual reproduction,
and that their presence in the non-female specimens is the
result of larvae/juveniles from the water being shallowed
by other specimens. The use of molecular techniques (e.g.,
Bocharova and Mugue 2012; Bocharova 2015) is needed to
properly evaluate this hypothesis and to clearly determine if
A. crassicornis is a brooding or fostering species, as defined
by Larson (2017).

Brooding overall seems to be present in about 5% of the
species, with more than twice as many internal than external
brooders, and species from the same genus may present dif-
ferent brooding strategies (Larson 2017). Internal brooding
seems to be a simpler way, since the juveniles are retained
inside the coelenteron, without the development of any par-
ticular structure. In contrast, external brooding may involve
the development of special structures like chambers, pits
or grooves (reviewed in Larson 2017). In recent years, sev-
eral researches have been focused in this phenomenon in
sea anemones (e.g., Bocharova and Mugue 2012; Rodriguez
et al. 2012; Bocharova 2015; Larson et al. 2012; Larson and
Daly 2016), and a review of the knowledge has been recently
published (Larson 2017). Nevertheless, many of the brood-
ing reports came from taxonomical works, and no detailed
study of it has been done in several species (e.g., Antholoba
achates in Fautin (1984). Despite the lack of monthly
samples (which are hard to get for a deep-sea species) we
describe the internal brooding (and fostering) behavior of
A. crassicornis from the SAO deep-sea and identify open
question for this species.

In the past 3 years, over ten cases of parental care/leci-
totrophic development have been reported from several
phyla in the SAQ, including the sub-Antarctic waters. These
reports include species of cnidarians (one black coral), mol-
lusks (six snails) and echinoderms (six species within sea
cucumbers, sea stars, brittle stars, sea urchin, and feather
stars) (Berecoechea et al. 2017; Lauretta and Penchasza-
deh 2017; Martinez and Penchaszadeh 2017; Penchaszadeh
et al. 2017, 2019; Rivadeneira et al. 2017; Averbuj et al.
2018; Martinez et al. 2018; Sanchez et al. 2018; Flores et al.
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2019; Pertossi et al. 2019; Teso and Penchaszadeh 2019). All
these reports may indicate a high proportion of non-pelagic
development in the SAO deep-sea, although more data are
necessary to support this idea and, if proven, to determinate
its causes.
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