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Characteristics of the life-history biology of hydrothermal vent species are a prerequisite to
understanding the dispersal, population connectivity, and ecology of these insular
populations. The vent crab Segonzacia mesatlantica (Guinot, 1989; Brachyuran:
Bythograeidae) is one of the most dominant endemic predators at deep-sea
hydrothermal vents along the Mid-Atlantic Ridge (MAR). However, the biological life-
history characteristics remain poorly understood for this species. The objective of this
study was to reveal relevant biological characteristics of the reproductive ecology of S.
mesatlantica, contributing to a better understanding of its ecology and the importance of
the maintenance of healthy populations. The reproductive ecology of S. mesatlantica from
the Broken Spur vent field such as the in situ behavior of brooding female crabs,
gametogenesis, fecundity, and the embryonic and larvae development was studied. In
contrast to non-brooding crabs, brooding crabs of S. mesatlantica were observed at the
vent periphery exhibiting a sequence of specific brooding behaviors, suggesting that they
might be providing oxygen to their embryo mass. Results from histological analysis reveal
the presence of oocytes in different stages of development within the gonad. Once
extruded, the mature oocytes form an egg mass underneath the abdomen. Similar to
other bythograeid crabs, the egg mass of S. mesatlantica was composed of a high
number of relatively small eggs in different stages of embryonic development. The eggs
hatch as a first zoea that undergoes at least four stages of development.

Keywords: Broken Spur, bythograea, ecology, hydrothermal vent, larvae, life-history biology, deep sea
INTRODUCTION

Deep-sea hydrothermal vents were first discovered along the Galapagos Rift in 1977 and are located
along mid-ocean ridges, back-arc spreading centers, and volcanic seamounts (Lonsdale, 1977; Corliss
et al., 1979; Grassle et al., 1979; Segonzac, 1992; Van Dover, 1995). As in most ecosystems, the
colonization processes of hydrothermal vents are closely related to reproduction, larval dispersal,
recruitment, and migration from surrounding environments (Mullineaux and France 1995; Gaudron
et al., 2010; Mullineaux et al., 2018 and references therein). It has been widely recognized that
knowledge of the early life traits of vent organisms is essential to understanding the ecological
in.org July 2022 | Volume 9 | Article 9009901
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processes that influence the establishment and persistence of vent
populations (Tyler and Young, 1999). Furthermore, studying the
reproductive biology of vent organisms is a requirement to
understand the sensitivity of these organisms to environmental
challenges caused by anthropogenic impacts (Van Dover et al.,
2011, Van Dover et al., 2014). However, major gaps of knowledge
persist on the reproductive biology of these species (Tyler and
Young, 1999; Hilário et al., 2009).

Brachyuran crabs of the family Bythograeidae are an
important component of the hydrothermal biodiversity
worldwide, owing to their predatory aspects in the
hydrothermal vent communities (Dittel et al., 2005). Currently,
the family consists of 14 species assigned to 6 genera that include
Allograea (Guinot et al., 2002), Austinograea (Hessler and
Martin 1989), Bythograea (Williams, 1980), Cyanograea (de
Saint Laurent 1984; Tsuchida and Hashimoto, 2002),
Gandalfus (Takeda et al., 2000) and Segonzacia (Guinot, 1997).
So far, knowledge of the life-history traits of the family
Byhtograeidae is limited to three species of the genera
Bythograea (Van Dover et al., 1985; Epifanio et al., 1999; Jinks
et al., 2002; Guinot and Hurtado, 2003; Perovich et al., 2003;
Martin and Dittel, 2007; Hilário et al., 2009) and one specie of the
genera Gandalfus (Tsuchida et al., 1998; Hamasaki et al., 2010;
Nakajima et al., 2010). The authors suggested that bythograeid
crabs had similar reproductive patterns as other brachyuran
crabs, including the male deposition of sperm packets in the
seminal receptacles of the female, providing the potential to
fertilize more than one batch of eggs (Van Dover et al., 1985;
Jinks et al., 2002; Perovich et al., 2003). Clusters of fertilized eggs
are deposited on the abdominal pleopods and brooded externally
until hatching (Van Dover et al., 1985; Jinks et al., 2002; Perovich
et al., 2003). Furthermore, brooding crabs are rarely seen near the
vent sites indicating that they might migrate to the vent
periphery to brood and hatch their eggs (Hilário et al., 2009).
The eggs hatch as planktotrophic larvae that includes an
unknown number of zoeal stages and megalopae stages
(Williams, 1980; Van Dover et al., 1985). Indeed, there are
several lines of evidence showing that bythograeid crabs
disperse via the planktonic larval stage in the water column
and have limited swimming range as adults (e.g., Epifanio et al.,
1999; Jinks et al., 2002; Dittel et al., 2005). Therefore, the number
of studies of the life history traits of the genera Bythograea is
increasing. However, the reproductive ecology of the genus
Segonzacia remains poorly understood. This genus is
monotypic with Segonzacia mesatlantica (Guinot, 1997) with a
large distribution throughout the vents along the Mid-Atlantic
Ridge (MAR), including at the Menez Gwen, Lucky Strike, Snake
Pit, Logatchev, and Broken Spur (Guinot et al., 2002; Martin and
Haney, 2005; McLay, 2007, and Mateos et al., 2012) with depths
ranging from 850 m to 4080 m. Similar to other vent fields along
MAR, crabs of S. mesatlantica at the Broken Spur vent field
(depth of 3090 m), is found at hydrothermal structures with a
maximum density of 6.66 to 10 individual/m2 (Segonzac, 1992;
Murton et al., 1995; Van Dover, 1995; Gebruk et al., 1997;
Matabos et al., 2015; Cuvelier et al., 2017);, being the dominant
endemic predators (Desbruyeres et al., 2000; Colaço et al., 2002).
Frontiers in Marine Science | www.frontiersin.org 2
The main objective of this study was to provide new
knowledge on the reproductive traits of S. mesatlantica from
the Broken Spur vent field by including in situ behavior of non-
brooding and brooding crabs as well as the reproductive patterns
of the brooding crabs, such as the development of oocytes,
embryos and larvae, and the fecundity. To the best of our
knowledge, there is no information about the life-history
biology of this species.
MATERIALS AND METHODS

Study Site
The Broken Spur vent field (Figure 1) was first discovered in June
1993 and is situated at 29°10’N, 43°10.4’Wwith a depth range from
3050 to 3875 m at the axial summit graben of the neovolcanic ridge
along the Northern Mid-Atlantic Ridge (MAR; South of Azores,
Van Dover, 1995; Murton et al., 1995). It consists of more than ten
hydrothermal edifices, most of which are active. The edifices are
chimneys ranging from a few meters to a few tens of meters in
height and up to a few meters in diameter, and they rise above the
volcanic basement of the axial ridge (Copley et al., 1997). The active
hydrothermal sites are either steep-sided mounds or chimneys,
topped with beehive type anhydrite structures and the areas
between the sites contain pillow basalts with a dusting of pelagic
sediment (Murton et al., 1995). At the time of discovery, the
sulphide mineralogy, vent fluid geochemistry, and level of
hydrothermal activity was described as similar to other vents at
MAR (Murton et al., 1995). The fauna at Broken Spur also displays
taxonomic similarities to otherMAR that including bresillid shrimp
(Rimicaris exoculata, Rimicaris chacei, Mirocaris fortunata,
brachyuran crabs (S. mesatlantica), anemones (Actinian sp.),
ophiuroids (Ophioctenlla acies), bivalves (Bathymodiolus sp.),
gastropods (Phymorhynchus moskalevi), polychaetes (Spionid sp.;
Chaetopterus sp.) and fish (Synaphobranchid sp.; Murton and Van
Dover, 1993).

In situ Observations on the Behavior of
Brooding and Non-brooding Crabs
In July 2018 the TRANSECT cruise (DOI: 10.17600/18000513)
studied the Broken spur vent field (Le Bris et al., 2018). Video
transect surveys were performed by the Victor 6000 remotely
operated vehicle (ROV) equipped with an HD video camera (Sony
FCB-H11). To estimate the abundance and quantify the in situ
behavior of crabs, 88 hours of video footage was analyzed. The
crab’s total abundance and behavior were calculated and identified
based on high-definition photographs and video images. The
behavior of crabs was registered according to Matabos et al.
(2015), i.e., Predator behavior, inter-specific and intra-specific
territorial behavior, intra-specific aggressive behavior, and
eating. The behavior of brooding crabs was registered according
to Baeza and Fernández (2002), i.e., standing position, abdominal
flapping, manipulation of the embryo mass with the chelae (chelae
poking), manipulation of the embryo mass using the pereiopods
(pereiopod poking) and maxilliped beating.
July 2022 | Volume 9 | Article 900990
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Field Sampling and Sample Treatment
Only two crabs of Segonzacia mesatlantica (Figure 2) were
collected on 27 July 2018 from biological sampling dives
(TRANSECT VICTOR dive 692/9) using the remotely
operated vehicle (ROV) Victor 6000 ROV equipped with a
claw and manipulator arm. After being collected, were fixed
in 4% formaldehyde before being transferred to 70% ethanol
for reproductive analysis. The standard measure of body size
for S. mesaltantica, carapace widths (CW), and carapace
length (CL) were determined to the nearest 0.01 mm by
vernier calipers.

Ovarian Structure and Oocyte
Development
To obtain the oocyte size-frequency distributions, the ovaries
were removed by dissection from both female crabs and a section
of gonad was processed for histology (Colaço et al., 2006). Briefly,
the gonad was transferred to a Bouin’s solution for 48h,
dehydrated through a series of graded alcohol solutions, and
Frontiers in Marine Science | www.frontiersin.org 3
cleared in xylene. The tissues were embedded in paraffin wax and
sectioned by a microtome at 5 mm. Sections were mounted on
glass slides and stained with hemotoxylin and eosin (Hilário
et al., 2009; Marsh et al., 2015). Stained slides were examined
under a Leica CTR600 microscope, and for each individual, the
diameter of 87 and 146 oocytes that had been sectioned through
the nuclei were measured using the program LAS core. Oocytes
within a given ovary were grouped into size classes in increments
of 10 mm, ranging from 10 to 145 mm (Hilário et al., 2009). The
percentage of oocytes in each category was then calculated for
each crab and the resulting oocyte size-frequency diagrams were
constructed and examined for synchrony at the individual level
(Perovich et al., 2003; Hilário et al., 2009).

Fecundity, Embryonic and
Larvae Development
To estimate the punctual real individual fecundity, i.e., the
number of eggs spawned by an individual during a single
spawning event, the egg mass of both brooding crabs was
removed from the abdominal pleopods and both eggs and
empty eggs (i.e., eggs that were already hatched) were
enumerated under a binocular dissecting microscope. The non-
ruptured eggs that had retained the embryonic membrane were
measured using LAS core software from Leica MZ16FA
dissecting microscope and the following shape parameters and
indices were calculated: Area (A, mm 2); maximum diameter (D,
mm), minimum diameter (d, mm), roundness

[4/A(pD^2)], and aspect ratio (D/d; Tuset et al., 2011). Egg
morphology was described and classified in 6 stages of
development according to Tuset et al. (2011); Triay-Portella
et al. (2014) and Martıńez-Rivera et al. (2020) for other deep-
sea crabs. Eggs were separated and enumerated according to
the development stage. The larvae were classified in four
stages of development following the classification of Arshad
et al. (2006) for other brachyurans crabs and were
enumerated, separated, and measured according to the
larvae stage.
RESULTS

Behavior of Crabs
A total of 1613 S. mesatlantica occurrences were counted in 88h
of video analysis. While non-brooding crabs were more
abundant near the vent sites, brooding crabs were just
observed at the vent periphery. Near the vent structures, 235 S.
mesatlantica displayed different behaviors (Table 1; Figure 3).
Of these, 60 involved repetitive furtive movements followed by
rapid threatening motions accompanied by claw activity, and
sometimes a shrimp was captured (predator behavior), 5
involved the crab’s movement of several centimeters and/or
waving their claws towards a shrimp or crab that had ventured
too close (territorial behavior), 35 involved claw attacks (intra-
specific aggressive behavior), 49 involve the use of chelae to
scratch the areas and/or to break up larger food items, taking
directly the food to the oral appendages (eating), and 86 involved
crabs at the standing position without making any movement
FIGURE 2 | Brooding crabs of Segonzacia mesatlantica in both ventral and
dorsal view. Scale bars = 15 mm.
FIGURE 1 | Map of the location of the collection site in the Broken Spur vent
field (Map prepared with Q-GIS 2.18.20. Bathymetry and vent field positions
from the TRANSECT cruise (Le Bris and the TRANSECT science party, 2018;
https://doi.org/10.17600/18000513).
July 2022 | Volume 9 | Article 900990
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(quietly standing; Table 1; Figure 3). At the vent periphery, 29
S. mesatlantica displayed non-brooding behavior (eight events of
predator behavior, two events of territorial behavior, 5 events of
aggressive behavior, 7 events of eating, and 7 events of quietly
standing). At the vent periphery, 32 brooding crabs exhibited a
combination of four different behaviors that were not observed in
non-brooding crabs (Table 1; Figure 3). The sequence of four
behaviors consisted of standing position, abdominal flapping
(Supplementary Video 1), chelae and/or pereiopod probing
(Supplementary Video 2) , and maxil l iped beating
(Supplementary Video 3). The standing position was the first
behavior of the sequence exhibited by brooding crabs and
consisted of females that raised their body pereiopods while
maintaining one or both chelae firmly attached to the substrate.
When in the standing position, the abdomen was gently lifted
from the substrate and females extended their abdomen back and
forwards rhythmically beating their embryo mass. Sometimes,
after abdominal flapping, females repeatedly introduced a single
pereiopod, several or even all of them and/or their chelae into the
embryo mass, probing their embryos. Furthermore, maxillipeds
were vigorously beaten during abdominal flapping, but most
frequently before or after abdominal flapping.
Ovarian Structure and Ovarian
Development
Brooding crabs of S. mesatlantica have m-shape paired ovaries,
situated in the cephalothorax, and proliferate within the
hepatopancreas. The ovaries were beige and the histological
analysis indicated that the ovaries consisted of several layers of
developing oocytes enveloped by a thin gonad wall. The
youngest oocytes measured about 12.77 ± 1.33 mm in
d iamete r deve loped in to prev i t e l l ogen i c oocy te s .
Previtellogenic oocytes contained little cytoplasm and nuclei
were large concerning cell volume (Figure 4). Vitellogenesis
was identified by the presence of yolk granules appearing in the
cytoplasm and begins when cells reach about 70 mm in
diameter. Early vitellogenic oocytes (70 to 110 mm diameter)
changed from round to ovoid shape and contained more
cytoplasm (Figure 4). In vitellogenic oocytes (higher than 110
Frontiers in Marine Science | www.frontiersin.org 4
mm) the cytoplasm occupies all the volume of the oocyte and
was granular in appearance (Figure 4). The maximum oocyte
size of S. mesatlantica was 144 mm in diameter. Atretic oocytes
were also present within both gonads, which were characterized
by a degenerated ooplasm with vacuoles, a thick surrounding
membrane surrounded by follicle cells, and an amorphic shape
(Figure 4). According to the oocyte size-frequency distribution,
the ovaries of both brooding crabs contained mainly oogonial
cells and previtellogenic oocytes (approximately 55%) followed
by early-vitellogenic oocytes (approximately 40%) and a few
vitellogenic oocytes (approximately 5%; Figure 5).

Fecundity, Embryonic Development, and
Larvae Development
The 48.2 mm CW female bared 23 696 eggs (23097 eggs that had
already hatched and 599 embryos still attached to the pleopods;
Table 2), while the 35.3 mm CW female bared 17 671 eggs (7804
eggs that had already hatched and 9867 embryos still attached to
pleopods; Table 2). The eggs presented a spherical shape and a
mean diameter of 0.566 mm. It described 6 stages of embryonic
development within the egg mass in each individual that was
based on the morphological characteristics and the dimensions
of the eggs (Tables 2, 3; Figure 5; Supplementary Table 1). The
eggs increased from newly spawned ones (Stage I: maximum
diameter = 0.459 ± 0.034 mm; minimum diameter = 0.416 ±
0.022 mm and area = 0.664 ± 0.097 mm2) to hatching (stage VI:
maximum diameter = 0.735 ± 0.040 mm; minimum diameter =
0.656 ± 0.030 mm and area = 1.700 ± 0.183 mm2; Table 2;
Supplementary Table 1).

The recently extruded embryos of S. mesatlantica were filled
with yolk with a translucent yellow color that became an opaque
dark-pink color as the yolk was used by the embryo (Table 3;
Figure 6).

Within the brood of both individuals analyzed, it was
observed larvae in four stages of development (zoea I, II, III,
and IV) with the body length increasing and the abdomen
becoming more developed from zoea I (1.389 ± 0.081 mm) to
zoea IV (1.801 ± 0.049 mm; Table 4; Figure 7). The larvae were
tangled within the brood, but free of the embryonic membrane,
and all the larvae presented compound pigmented eyes, the first
TABLE 1 | Behavior of non-brooding (Non-Br) and brooding (Br) crabs of Segonzacia mesatlantica close to the vent and at the vent periphery, including predator,
territorial, aggressive, eating, quietly standing, and brooding behavior.

Close to the vent Periphery

Behavior Non-Br Br Non-Br Br

Predator 60 0 8 0
Territorial 5 0 2 0
Aggressive 35 0 5 0
Eating 49 0 7 0
Quitely standing 86 0 7 0
Brooding 0 3 0 32
July 2022 | Volume 9 |
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and the second maxillipeds and the telson in a fork position
(Figure 7). It was found 11 larvae in the 48.2 mm CW female (8
at the first stage, two at the second stage, and one at the third
stage) and 1903 larvae in the 35.8 mm CW (436 at the first stage,
206 at the second stage, 143 at the third stage and 110 at the
fourth stage). In addition, some larvae (170 zoea: three in the first
stage, 13 in the second stage, 26 in the third stage, and 128 in the
fourth stage) and two megalopae (Supplementary Figure 1)
were collected at the water column near the vent sites.
Frontiers in Marine Science | www.frontiersin.org 5
DISCUSSION

This study provides for the first time some aspects of the
behavior and reproductive ecology of the vent crab
Segonzacia mesatlantica.

Behavior of Crabs
The observed non-brooding crabs of S. mesatlantica were found
closer to the vents. The presented behaviors changed from a
FIGURE 3 | Behavior of non-brooding and brooding crabs of Segonzacia mesatlantica close to the vent (A– F) and at the vent periphery (G). (A) aggressive
behavior, (B) territorial behavior – white arrow, (C) quietly standing – white circles, (D) predator behavior, (E, F) eating, (G) brooding behavior. Scale bar = 15 mm.
July 2022 | Volume 9 | Article 900990
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static position with solitary behavior to both territorial and
predator behaviors as it was observed in the Lucky Strike vent
field (Matabos et al., 2015). In contrast to non-brooding crabs,
brooding crabs of S. mesatlantica were only observed outside the
vent, positioned at higher structures. The movement of the
brooders to the vent periphery was also reported for other
Frontiers in Marine Science | www.frontiersin.org 6
bythograeid crabs including Bythograea thermydron (Williams,
1980; Brachyura: Bythograeidae) from the Galapagos Rift, and
Bythograea laubieri (Guinot and Segonzac, 1997; Brachyura:
Bythograeidae) and Bythograea vrijenhoeki (Guinot and
Hurtado, 2003; Brachyura: Bythograeidae) from Southern East
Pacific Rise (Wear, 1974; Perovich et al., 2003; Hilário et al.,
2009). It is not clear why brooding crabs leave the vent orifice
region to brood and hatch their eggs. It is hypothesized that the
hydrothermal environment close to fluid exits [i.e., diffuse flow
characterized by hypoxic conditions, high temperatures (Le Bris
et al., 2019; Supplementary Table 2) combined with vent fluids
rich in sulfide and heavy metals (Hourdez and Jollivet, 2021)]
might be toxic to the eggs and larvae (Perovich et al., 2003). The
vent periphery is characterized by weak flows of vent fluids and
the presence of inactive structures, i.e., structures where the
hydrothermal activity ceased resulting in structures without the
flow of chemically modified fluids (Le Bris and the TRANSECT
Science Party, 2018). Therefore, the risk of females being exposed
to high temperatures and vent fluids is minimal. Both the mild
fluids and the topographic feature might favor the vertical
migration of larvae to a higher position in the water column
(Le Bris, 2018). The females from the shallow-water
hydrothermal vent crab Xenograpsus testudinatus migrate to
the vent periphery, to release their larvae and avoid the larvae
contacting high toxic plumes (Hung et al, 2019). The
hydrothermal vent crab S. mesatlantica is well adapted to these
challenging conditions, using ventilation as a compensatory
mechanism while the heart rate remains stable down to this
critical oxygen tension (Hourdez, 2018). Thus, brooding crabs
might migrate to the vent periphery, where the surrounding
A B

FIGURE 5 | Oocyte size-frequency distribution for each female of Segonzacia mesatlantica with 35.3 mm CW (A) and 48.2 mm CW (B) : oogonia and

previtellogenic oocytes; Early previtellogenic oocytes; vitellogenic oocytes.
TABLE 2 | Carapace width (CW, mm), carapace length (CL, mm), body weight (BW, g), number of embryos, number of hatched eggs, punctual real individual
fecundity, and the number of embryos in each stage of embryonic development (I, II, III, IV, V and VI) for each individual analyzed of the specie Segonzacia mesatlantica.

CW (mm) CL (mm) BW (g) Embryos Hatched eggs Fecundity N° embryos in each development stage

I II III IV V VI

48.2 29.3 33.8 599 23 097 23 696 89 201 46 129 101 30
35.3 23.3 16.5 9 867 7 804 17 671 232 503 190 775 289 7878
July 2022
 | Volume
 9 | Article 9
FIGURE 4 | Light micrographs of histological sections through the ovary of
Segonzacia mesatlantica using Leica Leica CTR600 microscope, program LAS
core. Previtellogenic oocytes (pv); early vitellogenic oocytes (ev); vitellogenic oocyte
(v) and empty oocyte (e). Scale bar = 100 mm.
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water is colder and oxygen-rich (Le Bris et al., 2019;
Supplementary Table 2), to be able to ventilate the broods.

The behaviors of S. mesatlantica brooding crabs were
observed in other brachyuran crabs (Fernández et al. 2000;
Baeza and Fernández, 2002; Brante et al., 2003; Fernández
et al., 2006; Fernández and Brante et al., 2003), but were never
reported for other bythograeid crabs. Despite no specific measure
of oxygen demands for brooding crabs being determined in this
study, their behavior may be associated with the increasing and
assessment of oxygen conditions in the embryo mass (Baeza and
Fernández, 2002; Fernández and Brante, 2003; Fernández et al.,
2015). The provision of more oxygen was already observed on
the brooding crabs of Cancer setosus. They probed their egg mass
with chelae and pereiopods and when the dissolved oxygen in the
egg mass declined, C. setosus increased the abdominal flapping,
especially at the latter development stages when the oxygen
demand of the embryos increased, which suggests an active
brooding behavior (Fernández et al. 2000; Brante et al., 2003).
The abdominal movement of brooding crabs can also have the
function to facilitate larvae release as it can cause the rupture of
the membranes surrounding the eggs (Rittschof and Cohen
2004). Oxygen availability in egg masses of several marine
invertebrate species has been suggested to be an important
factor affecting the modes of development of marine
invertebrates (Lee and Strathmann, 1998). Oxygen limitation
in embryo aggregations has been observed, as well as retarded
development of inner embryos, emphasizing the importance of
this factor (Cohen and Strathmann, 1996).

Life-History Traits
The general aspects of ovarian morphology and the general intra-
ovarian gametogenic process of S. mesatlantica from oogonia that
developed into previtellogenic oocytes, followed by early-
vitellogenic and vitellogenic oocytes, were similar to other
bythograeid crabs such as B. thermydron, B. laubieri and B.
vrijenhoeki (Perovich et al., 2003; Hilário et al., 2009). In addition,
the oocyte sizes of S. mesatlantica (previtellogenic: lower than 70
mm, early-vittelogenic: 70 to 110 mm, and vitellogenic: higher than
110 mm) were also comparable to B. laubieri and B. vrijenhoeki
(previtellogenic: lower than 60mm, early-vitellogenic: 60 to 100mm
and vitellogenic: higher than 100mm;Hilário et al., 2009).Although
Frontiers in Marine Science | www.frontiersin.org 7
the oocyte size frequency revealed a dominance of previtellogenic
and early-vitellogenic oocytes, the presence of oocytes in different
stages of development within the gonad of each brooding crab
suggested that the oocytes of S. mesatlantica were maturing at
different times. Therefore, the studied S. mesatlantica females
revealed continuous gametogenesis at the individual level
(Perovich et al., 2003), which was similar to B. laubieri and B.
vrijenhoeki (Hilário et al., 2009).

Once extruded,mature oocytes forman eggmass attached to the
pleopods underneath the abdomen (Marsh et al., 2015). The low
sampling does not allow for a correlation between fecundity and
size. However, the egg mass of the female with 48.2 mm CW was
composed of a higher number of eggs and empty eggs than the
femalewith35.3mmCW,The fecundity and the sizeof the eggsofS.
mesatlantica were comparable with other bythograeids crabs such
as B. thermydron (48.5 mm CW: 33 505 eggs mean 0.540 mm
diameter; Van Dover et al., 1995; Supplementary Table 3), Within
the egg mass of both females of S. mesatlantica, the eggs were at
different stages of development, which suggests that the embryonic
development is continuous at the individual level, similar to other
deep-sea crabs such as Chaceon affinis (Milne-Edwards and
Bouvier, 1894; Brachyura: Geryonidae; Tuset et al., 2011), and
Paromola cuvieri (Risso, 1816; Brachyura: Homolidae; Triay-
Portella et al., 2014; Supplementary Table 3). The number of
embryonic stages seems to be similar among deep-sea crabs (Tuset
et al., 2011; Martínez-Rivera et al., 2020; Supplementary Table 3)
however, changes in color patterns during the embryonic
development, seem to differ greatly. During the 6 stages of
embryonic development of S. mesatlantica, the eggs were initially
translucent yellow followed by orange and dark pink, while the eggs
of Chaecon fenneri (Manning and Holthuis, 1984; Brachyura:
Geryonidae) from Western Atlantic are initially light purple, and
become dark purple and purple-brown. In addition, the eggs of
Chaecon quinquedens (Smith, 1879; Brachyura: Geryonidae) from
Western Atlantic are initially red-orange and become brown,
followed by purple and finally black (Wigley et al., 1975; Haefner,
1978; ErdmanandBlake, 1988 inTuset et al., 2011). The color of the
eggsmight be linked tometal oxide (Guinot 1990) and food sources
for the crabs (DeBevoise et al., 1990). The hydrothermal vent
bacteria are known to produce carotenoids (orange-red) pigments
(DeBevoise et al., 1990; Nègre-Sadargues et al., 1997; Nègre-
TABLE 3 | Description of the stages of embryonic development, and the respective maximum diameter (mm) of Segonzacia mesatlantica according to Arshad et al.
(2006); Tuset et al. (2011) and Martínez-Rivera et al. (2020).

Stage Diameter (mm) Embryonic development

I Early 0.459 ± 0.021 Undivided egg filled with yolk; translucent yellow colour.

II Early 0.514 ± 0.006 The free region of the yolk is just visible; the egg becomes more opaque; white/
yellow colour.

III Mid development 0.526 ± 0.005 Slight pigmentation of the eyes enlarging in moon shape; yellow/orange colour.

IV Mid development 0.549 ± 0.004 Eyes acquired oval shape; the abdomen is visible; the embryo occupies almost all
the space inside the egg; orange and dark-pink colours.

V Late development 0.600 ± 0.028 Eyes become darker; the embryo occupies all of the egg; dark-pink colour.
VI Hatching 0.753 ± 0.040 Hatching as prezoea with undeveloped natatory setae of exopods of the maxilliped.
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FIGURE 6 | The stages of embryonic development described for Segonzacia mesatlantica taken under Leica MZ16FA. There are present 6 development stages
(I, II, III, IV, V, and VI). Scale bars: I - VI = 200 mm.
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Sadargues et al., 2000; Marteinsson et al., 2010) Being S.
mesatlantica at the top of the hydrothermal food chain (Colaço
et al., 2002; Portail et al., 2018), the will have access to those
pigments (DeBevoise et al., 1990; Nègre-Sadargues et al., 1997;
Nègre-Sadargues et al., 2000).

Within the brood of S. mesatlantica, it was observed the
presence of larvae in different stages of development. These
larvae were free of the embryonic membrane but entangled in
the egg mass. Although only the most prominent features of the
larval development stages were described in this study, the larvae
development seems to comprise at least four zoeal stages with
larvae increasing in length from the first zoea to the fourth zoea
and a stage of megalopae. The size of the first zoea andmegalopae
of S. mesatlantica was similar to the first zoea of both Grandalfus
yunohana (Takeda, Hashimoto and Ohta 2000; Brachyura:
Bythograeidae) and B. thermydron (approximately 1.5 mm total
length; Supplementary Table 3) and the megalopae of B.
thermydron (between 2.5 to 7.5 mm CW; Martin and Dittel,
2007), respectively. The number of larval stages of S.
mesatlantica was similar to other deep-sea crabs such as C.
afinis (four or more zoeal stages and megalopae; Tuset et al.,
2011; Supplementary Table 3). However, the only known larval
development characteristics, including the number of stages and
morphology are only known forG. yunohanawhich presentedfive
to six planktotrophic zoeal stages (Hamasaki et al., 2010).Only the
first zoea and the postlarval megalopae stage of B. thermydron
were observed in the water column near the vent sites (VanDover
et al., 1995). The large difference in the respective sizes of the first
zoea and the postlarval megalopae stage suggests that the normal
larval development of B. thermydron may include several zoeal
stages before the megalopae stage (Van Dover et al., 1984; Van
Dover et al., 1995). The collection of larvae and megalopae of S.
mesatlantica at the water column near the vent sites suggests that
larvae might undergo a planktotrophic development, that was
similar to the development of other bythograeid crabs such as B.
thermydron (e.g., Epifanio et al., 1999; Jinks et al., 2002; Dittel
et al., 2008).

It was the first time that brooder crabs of S. mesatlantica were
observed. Mature males with mature spermatocytes of this
species were observed in June (Tudge et al., 1998). This seems
Frontiers in Marine Science | www.frontiersin.org 9
to indicate that the reproductive season might be early summer,
despite the continuous development of gonads observed in the
studied samples.

In summary, reproductive patterns observed in S.
mesatlantica seem not to differ from other species of the
family Bythograeidae. Brooding crabs gather outside of the
direct influence of the vent field to brood and hatch their eggs
into larvae that might go through a planktotrophic
development. The behavior of brooding crabs provides
evidence that oxygen might be a limiting factor for
embryonic development. However, further studies involving
an evaluation of the relationship between the female brooding
behavior and the oxygen concentration in their egg mass are
needed. The ovary microstructure and the general pattern of
vitellogenesis of S. mesatlantica are characteristic of
brachyuran decapods. As in other deep-sea crabs, both
females had oocytes maturing at a different time within the
gonads and embryos at different stages of development within
the egg mass, suggesting that the gametogenesis and the
embryonic development are continuous at the individual
level. To infer the reproductive rhythms at a population
level, further studies involving a higher number of samples
collected at different periods are needed. Furthermore, to
understand better the larvae development and the larvae
dispersal, future studies with a detailed description of the
larvae development and also involving a geochemical model
to study the population connectivity are needed.

This study highlights some important aspects of the early life
traits of S. mesatlantica that contribute to a better understanding
of their reproductive ecology. Knowledge of the reproductive
strategies may help establish mitigation strategies to maintain
healthy populations. For example, brooding crabs of S.
mesatlantica exhibited an active brooding behavior and
continuous gametogenesis and embryogenesis, which are
energy costly. As a result, there will be limited energy available
to the female individual for recovery upon a possible disturbance.
In addition, one of the consequences of climate change is a
decrease in oxygen concentration in the deep sea (Breitburg et al.,
2018; Oschlies et al., 2018). This might be a problem if oxygen
will be a limiting factor for embryonic development.
TABLE 4 | Description of the larval development stages of Segonzacia mesatlantica according to Arshad et al. (2006); and Kado et al. (2010).

Stage Body
length
(mm)

Larval development

I 1.389 ±
0.081

Dorsal spine spinulate and longer than rostral spine; abdomen 4 segmented with the dorsolateral process; pleopods buds absent; telson in a
fork position, each fork long bearing one long lateral and dorsal spine. The 3 pairs of stout spinulate setae on the posterior margin are not well
developed.

II 1.469 ±
0.085

Dorsal spine disappeared; abdomen 4 segmented but the dorsolateral processes disappeared; pleopods buds absent; telson in a fork position
with the telson bearing three pairs of stout spinulate setae on posterior margin. The lateral and dorsal spines are shorter than in the previous
stage.

III 1.574 ±
0.050

The carapace is more developed than in the previous stage; the abdomen is 5 segmented; pleopods buds absent; Telson as in stage II.

IV 1.801 ±
0.049

Abdomen 5 segmented and pairs of pleopods buds started to appear. Telson is similar to the previous stage.

Megalopae 2.95 ±
0.055

More crablike in appearance than zoea; carapace broader to its length; relatively large eyes as compared to the carapace; well-developed
pereiopods and chelae.
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FIGURE 7 | The stages of larval development described for Segonzacia mesatlantica taken under Leica MZ16FA dissecting microscope. There are presently four
stages of larval development (I, II, III, and IV) lateral view, ventral view, and dorsal view. Scale bars: I-IV = 200 mm.
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