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other deep-sea environments, and a high level of taxonomic 
endemism (Kelly and Metaxas 2007; Chen and Linse 2020; 
Yahagi et al. 2020). Hydrothermal vents are dynamic che-
mosynthetic environments, with temperature and chemical 
gradients that fluctuate over short time-scales and spatial-
scales (Bayer et al. 2011). Individual vent fields represent 
insular habitats, separated by tens to hundreds of kilome-
tres (Matabos and Thiebaut 2010; Bayer et al. 2011; Mar-
ticorena et al. 2020), that are ephemeral over timescales of 
decades to millennia in hydrothermal activity that supports 
local chemosynthesis (Kelly and Metaxas 2007).

The ability of a population to adapt and recover from 
natural and anthropogenic disturbances is tightly linked to 
reproductive patterns including age at maturity, gametogen-
esis, fecundity, and oocyte size (Olabarria and Ramirez-Llo-
dra 2004; Marticorena et al. 2020). Although research of the 
life history of organisms inhabiting chemosynthetic envi-
ronments is improving, knowledge of the ecology of che-
mosynthetic environments in high latitudes is constrained 
by logistical challenges of conducting deep-sea fieldwork in 

Introduction

The deep ocean is a vast biome without sunlight which 
includes chemosynthetic habitats such as hydrothermal 
vents and cold seeps (Ramirez-Llodra et al. 2010). These 
habitats host high in situ microbial primary productivity via 
chemosynthesis (Tyler and Young 1999; Van Dover 2000), 
which in turn supports a high faunal biomass compared with 
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Abstract
The ecology of hydrothermal vents in polar oceans is less known than other regions, as a consequence of the logistical 
challenges of deep-sea fieldwork at high latitudes, and particularly under permanent ice cover in the Arctic. This paper 
describes the reproductive biology of the first two cocculinid gastropods sampled from hydrothermal vents: Cocculina 
enigmadonta from Kemp Caldera, in the Southern Ocean, and Cocculina aurora (Chen et al., Royal Soc Open Sci, ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​8​​/​r​s​​o​s​.​2​2​0​8​8​5, 2022) from the Aurora Vent Field, Gakkel Ridge, in the Central Arctic Ocean. Histological 
analysis was used to describe oogenesis, size at first reproduction and fecundity, whilst individual size-frequency distri-
butions from morphometric measurements were produced to investigate demographic population structure. Both species 
exhibited similar gametogenic patterns with all but three individuals possessing all oocyte developmental stages. Coccu-
lina enigmadonta and C. aurora had similar reproductive strategies, exhibiting low fecundities. For C. enigmadonta the 
mean fecundity was 16.1 ± 9.3 mature oocytes and for C. aurora 4.1 ± 2.4 mature oocytes. Gametogenic maturity, mean 
oocyte diameter and instantaneous fecundity were statistically significantly different between species. Overall, both spe-
cies presented asynchronous reproduction, quasi-continuous gametogenesis and discontinuous recruitment. Importantly, 
our results provide the first account of the reproductive biology of cocculinid species from hydrothermal vents and discuss 
their adaptive life-history traits to inhabiting unstable vent environments.
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polar regions. Additionally, sampling restraints often limit 
studies of reproductive biology and gametogenesis to one-
time analyses, with minimal spatio-temporal studies (Mata-
bos and Thiebaut 2010).

Gastropods are a widespread taxonomic group at hydro-
thermal vents. The majority of vent gastropods studied to 
date have vitellogenic mechanisms and reproductive pat-
terns that are phylogenetically constrained to internal fer-
tilisation and lecithotrophic development (Lutz et al. 1984; 
Kelly and Metaxas 2007; Tyler et al. 2008). Other factors 
including, oocyte size and fecundity can be influenced by 
environmental conditions (Ramirez-Llodra 2002). Larval 
development in gastropods can be inferred from oocyte 
size and fecundity. Most vent gastropod species exhibit 
quasi-continuous egg production and reproduce continu-
ously, which may be attributed to the constant supply of 
energy from chemosynthesis (Rokop 1977; Bayer et al. 
2011; Marticorena et al. 2020). In general, lecithotrophic 
species produce eggs that are greater than 200 μm in small 
quantities and planktotrophic species produce eggs that are 
smaller than 200 μm in high quantities (Jaeckle 1995; Levin 
and Bridges 1995; Marticorena et al. 2020). It is possible 
to derive important information about larval dispersal and 
development from indirect methods (Tyler et al. 2008), for 
example, using the morphology of the protoconch in gas-
tropods to determine information relating to larval develop-
ment (Lutz 1988; Gustafson et al. 1991; Tyler et al. 2008; 
Matabos and Thiebaut 2010). The shell of gastropods has 
two development stages, corresponding to the formation of 
the embryonic shell (protoconch I) and larval shell (proto-
conch II) (Vrijenhoek 1997; Nützel et al. 2006; Hoffman 
et al. 2020). Planktotrophic gastropods possess both proto-
conch development stages, with a small protoconch I and 
a large protoconch II. Conversely, lecithotrophic species 
possess a bulbous/large protoconch I and a small or absent 
protoconch II (Vrijenhoek 1997; Hoffman et al. 2020).

The family Cocculinidae belongs in the subclass Neom-
phaliones, order Cocculinida. Individuals are hermaph-
roditic, roughly symmetrical gastropods and are usually 
smaller than 1 cm in length (Bouchet et al. 2017; Chen and 
Linse 2020). The genus Cocculina is represented by at least 
20 species mainly associated with sunken organic wood falls. 
However, two further species have been reported in associa-
tion with whale falls, Cocculina craigsmithi (McLean 1992) 
and Cocculina delphinicula (Zhang and Zhang 2018), and 
two from hydrothermal vents, Coccculina enigmadonta 
(Chen and Linse 2020) and Cocculina aurora (Chen et al. 
2022). Cocculinids possess a protoconch that is bulbous and 
lacks a protoconch-II (Young et al. 2013), and in addition 
the protoconch is symmetrical (Haszprunar 1988) and retic-
ulately sculptured (Marshall 1985). This structure in coc-
culinids is indicative of lecithotrophic larval development 

(Marshall 1985; Haszprunar 1988; Vrijenhoek 1997; Young 
et al. 2013; Hoffman et al. 2020; Chen et al. 2022).

Cocculinids inhabiting hydrothermal vents (Cocculina 
enigmadonta) were reported from Kemp Caldera, Antarc-
tica (59°42’S, 28°20’W) (Chen and Linse 2020). Kemp Cal-
dera ranges in depth from 900 to 1600 m from sill to base 
and is dominated by chemosymbiotic vesicomyid clams and 
cocculinid limpets (Linse et al. 2019; Chen and Linse 2020). 
The caldera consists of a central resurgent cone surrounded 
by diffuse-flow vents and white-smokers (Roterman et al. 
2016; Chen and Linse 2020). A natural whale fall was dis-
covered at a depth of 1444 m in close proximity (~ 250 m) 
to the active hydrothermal vent area (Amon et al. 2013). 
Only two species were found to inhabit both the vent and the 
whale fall, namely C. enigmadonta and the vetigastropod 
limpet Lepetodrilus concentricus. Chen and Linse (2020) 
completed an extensive study on C. enigmadonta morphol-
ogy and evolutionary history, which found evidence for the 
transition of C. enigmadonta from organic falls to hydro-
thermal vent environments.

During investigations of the Aurora Vent Field (AVF, 
82.5 N) (Fig. 1a, b) on the Gakkel Ridge, Central Arctic 
Ocean (Bünz et al. 2021; German et al. 2022; Ramirez-
Llodra et al. 2022) a new species of cocculinid, Cocculina 
aurora (Chen et al. 2022) was found and sampled from 
active hydrothermal vents. The Gakkel Ridge is 1800 km in 
length and stretches across the Arctic Ocean and Eurasian 
Basin (Michael et al. 2003) and it shows evidence of more 
than nine discrete hydrothermal vent fields (Edmonds et al. 
2003). The AVF is situated towards the Southwest of the 
Gakkel Ridge (Michael et al. 2003) and sits on the flank 
of the Aurora mound. It was first located during the Arctic 
Mid-Ocean Ridge Expedition (AMORE) 2001 (Edmonds et 
al. 2003), via water chemistry signals from the rising plume 
and the collection of hydrothermal vent chimney pieces 
using a dredge. The black smokers of the AVF (Fig. 2a, b), 
however, were not located until 2014 during the Polarstern 
PS86 Aurora expedition, which provided the first visual evi-
dence of the active AVF (Boetius 2015; German et al. 2022). 
During the HACON21 cruise on board RV Kronprins Haa-
kon, the AVF was surveyed and sampled with a Remote 
Operated Vehicle (ROV), conducting the first ROV dives 
on a deep vent field under permanent ice-cover (Ramirez-
Llodra et al. 2022).

Currently, C. enigmadonta and C. aurora are the only 
cocculinid species sampled from hydrothermal vents. The 
main objectives of this study were to investigate and com-
pare the reproductive biology and population structure of 
C. enigmadonta and C. aurora sampled from hydrothermal 
vents in the Southern Ocean and Arctic Ocean respectively. 
This study examines oogenesis, oocyte size, minimum 
size of maturity and estimates fecundity to characterise 
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reproductive patterns and infer reproductive adaptations 
for inhabiting hydrothermal vent environments. Further, the 
population structure was compared between taxa and spa-
tial variability was assessed between C. aurora populations 
sampled from two hydrothermal vents 6 m apart in the AVF.

Materials and methods

Field sampling

Cocculina enigmadonta specimens were sampled from 

Fig. 2  Black smoker hydrothermal vents in the Aurora Vent Field. (a) Ganymede vent and (b) Hans Tore vent. The white scale bar is approximately 
50 cm

 

Fig. 1  (a) Geographic location of the Aurora Vent Field on the Gakkel Ridge. (b) Sampling area of C. aurora. Red triangle: Aurora Vent Field. 
(a–b) Produced from the HACON21 expedition and used with permission
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not available. All statistical analysis was completed using 
SPSS, unless otherwise stated. A Kolmogorov-Smirnov 
test was used to compare the length-frequency distributions 
against a normal distribution to evaluate whether the struc-
ture of the population matches a typical normal distribu-
tion. When the length-frequency distributions were found 
to be significantly different from a normal distribution, and 
assuming each cohort analysed followed a gaussian distri-
bution, modal decomposition was performed using the R 
package Mixdist (Macdonald 2018). Bhattacharya’s method 
(1967) adapted by Paul and Caddy (1985) was first used 
to estimate mean and standard deviations. At least 100–300 
specimens are required for a good representation of the 
population, thus modal decomposition analysis could not 
be completed for C. aurora at each vent site as there were 
fewer than 100 individuals. However, the populations were 
combined to allow for an appropriate modal decomposi-
tion to be conducted. A two-sample Kolmogorov-Smirnov 
test was used to assess if there was a significant difference 
between the length-frequency distributions between the two 
species and between C. aurora sampled from the two differ-
ent black smokers on the AVF.

Reproductive biology

The shells of C. aurora individuals were removed from the 
body using forceps. For histological analysis, eosin was 
added to the samples of both species prior to processing, 
to help visualise the organisms during processing. Individ-
uals were dehydrated using a series of graded isopropan-
2-ol solutions, cleared in Histoclear, and then embedded in 
paraffin wax. Individuals were orientated perpendicular to 
the embedding cassettes with the ventral side of the organ-
ism facing downwards. Cocculina enigmadonta specimens 
were sectioned at 7 μm, whilst C. aurora individuals were 

Kemp Caldera, Southern Ocean (59°42′S, 28°20′W) in 
2010 during RRS James Cook Expedition JC42. The ROV 
Isis was used to collect samples from hydrothermal vents at 
depths from 1375 to 1487 m. Specimens of the newly identi-
fied species C. aurora were collected during the HACON21 
expedition on the RV Kronprins Haakon in October 2021. 
Individuals were sampled using the ROV Aurora from the 
AVF (82°53’N, 6°15’W). Samples were collected from 
two vents, the Ganymede vent at a depth of 3884 m and 
the Hans Tore vent, ~ 6 m north of the Ganymede vent, at a 
depth of 3883 m (Fig. 2a, b). Both C. enigmadonta and C. 
aurora, specimens were sampled using a manipulator arm 
and suction sampler. Cocculina enigmadonta individuals 
from Kemp Caldera were preserved in 96% ethanol. Coc-
culina aurora specimens, attached to a large piece of old 
hydrothermal vent chimney, were fixed in 4% formaldehyde 
for 48 h before being transferred to 70% ethanol. Some indi-
viduals were frozen for taxonomic and molecular studies.

Population structure

In the laboratory, the 153 individuals of C. enigmadonta and 
148 individuals of C. aurora were labelled corresponding 
to species and sampling sites. Each individual was pho-
tographed using a dissecting microscope with a mounted 
camera and the Olympus cellSens Dimension software was 
used to measure all individuals. For C. enigmadonta, body 
length and width were measured, as the soft bodies of most 
specimens were already separated from the shell (Fig. 3a). 
Shell length and width were measured for C. aurora (Fig. 
3b). 0.5 mm was chosen as an appropriate size-class interval 
for both C. enigmadonta and C. aurora for this study (sensu 
Kelly and Metaxas 2008). Length-frequency histograms 
were produced to analyse the distribution of cocculinid 
samples at the time of sampling as temporal analysis was 

Fig. 3  Morphometric measurements for (a) C. enigmadonta and (b) C. aurora. Normal line: body/shell length and dotted line: body/shell width. 
White scale bar represents 500 μm
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were used to assess if instantaneous fecundity was signifi-
cantly different between species and between vent sites for 
C. aurora populations. Furthermore, the minimum size of 
reproductive maturity was determined as the smallest size 
when an individual possessed at least one mature oocyte.

Results 

Population structure

The body length of C. enigmadonta, ranged between 4.76 
and 9.95 mm (Fig. 4a). For C. aurora, shell length ranged 
from 1.36 to 4.77 mm in specimens from the Ganymede vent 
(Fig. 4b) and 0.85–5.51 mm for specimens from the Hans 
Tore vent (Fig. 4c). All distributions were statistically signif-
icantly different from a normal distribution (Kolomogorov 
Smirnov tests (p < 0.05). All length-frequency distributions 
were dominated by medium to larger sized individuals; 
thus, distributions were negatively skewed. All distributions 
had a dominant peak, which was evident between 8.0 and 
8.5 mm for C. enigmadonta and between 3.0 and 4.0 mm 
for C. aurora. Modal decomposition with Mixdist exhibited 
two gaussian components for both species, however fur-
ther analysis showed neither of the distributions exhibited 
meaningful cohorts, thus have not been included. There was 
a significant difference in length between C. enigmadonta 
and C. aurora (Two sample Kolmogorov-Sample test, Z = 
8.646, N1 = 153, N2 = 148, p < 0.05). In addition, a two sam-
ple Kolmogorov-Smirnov test indicated there was no sig-
nificant difference in shell length between the two C. aurora 
population distributions at Ganymede and Hans Tore vents 
(Z = 0.909, N1 = 63, N2 = 91, p = 0.381).

Gametogenesis

In both cocculinid species, histology showed that all stages 
of oogenesis were evident (Table 1; Fig. 5c, f), with oogo-
nia, previtellogenic, vitellogenic and mature oocytes present 
within individuals. Oogonia are occupied almost entirely by 
their nucleus and develop in the germinal epithelium, which 
extends into the ovary. This explains why oogonia were 
present throughout the entire ovary. In C. enigmadonta, the 
oogonia grow to around 35 μm before becoming previtel-
logenic oocytes, while oogonia grow to around 20 μm in C. 
aurora. Previtellogenic oocytes are composed of basophilic 
cytoplasm which stains purple with haematoxylin, with a 
small cytoplasm/nucleus size ratio. Vitellogenesis starts at 
an oocyte diameter between 70 and 80 μm for C. enigma-
donta and a diameter between 40 and 55 μm for C. aurora. 
At the beginning of vitellogenesis, yolk granules become 
visible towards the periphery of the oocyte. Vitellogenic 

sectioned at 5 μm using a rotary microtome, because of their 
relative sizes. Haematoxylin and eosin were used for bio-
logical staining of each specimen and stained sections were 
preserved in DPX mounting medium. Observations and 
photographs of histological slides were taken using a Nikon 
stereomicroscope mounted with a Nikon D5000 Camera.

For gametogenic analysis, ImageJ software (Schneider 
et al. 2012) was used to count and measure the equivalent 
circular diameter (ECD) of the oocytes. In both C. enigma-
donta and C. aurora, at least fifty oocytes per individual 
were counted from four to five serial sections. Fifty oocytes 
were chosen to maximize individuals available for analy-
sis and to ensure the oocyte sampling size was adequate. 
ECD was measured for each oocyte and is considered to be 
‘the best-fit spherical size of each oocyte’. Although Oocyte 
Feret Diameter is equivalent to ECD, ECD was considered 
a more appropriate term (Lau et al. 2018). The oocytes 
counted and measured were limited to those sectioned 
directly through the nuclei. Furthermore, photographs of 
overlaying sections were compared to ensure no oocytes 
were counted more than once. In total, 72 individuals of 
C. enigmadonta and 58 C. aurora individuals (22 from 
the Ganymede vent and 36 from the Hans Tore vent) were 
suitable for histological processing. Gametogenic maturity 
for each specimen was determined as the percentage of 
mature oocytes of the total number of oocytes measured. 
Gametogenic maturity and mean oocyte diameter were cor-
related against length using Spearman’s rank correlation 
tests and Kruskal-Wallis tests were used to assess if there 
was a significant difference between species. Oocyte sizes 
were defined and grouped into size classes of 10 μm to cre-
ate size-frequency figures. Non-parametric Kruskal-Wallis 
multi-sample tests were undertaken to identify intra-sample, 
inter-species, and stage variation in size-frequency distribu-
tions. Individuals that caused a significant variation were 
then identified using a post-hoc Dunn test. Additionally, the 
mean oocyte diameter of each oocyte development size per 
individual was compared between species and between the 
two vent sites for C. aurora using a MANOVA Wilk’s Test. 
No evidence of spermatogenesis was found in C. enigma-
donta. Different stages of spermatogenesis were found syn-
chronously in many individuals of C. aurora, but could not 
be quantified accurately.

Fecundity in both C. enigmadonta and C. aurora was 
determined using serial sections. The median diameter of 
vitellogenic oocytes was determined by serial sectioning of 
eight individuals of each species. Sectioning was then com-
pleted at the median size, with overlying sections compared 
to ensure mature oocytes were not counted twice. From this 
process, instantaneous fecundity was quantified by counting 
all mature oocytes from the sections. Instantaneous fecun-
dity was correlated against length and Kruskal-Wallis tests 
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oocytes are histologically characterised by a prominent 
nucleus and acidophilic granular cytoplasm, with large 
cytoplasm/nucleus size ratio (Fig. 5c, f). Mature oocytes 
had reached their maximum size and were ready to spawn. 
In addition, at this stage the nucleolus became barely vis-
ible. Mature oocytes diameter were recorded between 131.4 
and 185.3 μm in C. enigmadonta and between 102.2 and 
183.8 μm in C. aurora (Table 1).

Significant differences were found in the mean oocyte 
diameter at each stage of oocyte development between 
C. enigmadonta and C. aurora (MANOVA Wilk’s, F = 
1460.96, p < 0.001). However, there was no statistically 
significant difference between the mean oocyte diameter of 
the four oocyte development stages among vent sites for C. 
aurora (MANOVA Wilk’s, F = 2.215, p = 0.081), suggesting 
a lack of spatial variation in oogenesis among our samples 
of this species (Fig. 6).

There was no evidence of spermatogenesis in C. enig-
madonta. Conversely, there was evidence of spermatogen-
esis in different stages in numerous individuals of C. aurora 
(Fig. 5f), however each stage of spermatogenesis could not 
be quantified with accuracy.

Oocyte size-frequency distributions

For C. enigmadonta, oocyte diameter ranged from 20.9 to 
185.3 μm (Table 1). There were two evident peaks, exhibit-
ing a bimodal distribution and suggest periodic asynchro-
nous spawning events. The first peak between 40 and 55 
μm was attributed to previtellogenic oocytes and the second 
peak between 120 and 130 μm corresponded to vitellogenic 
oocytes (Fig. 7a). Both peaks were produced by a similar 
percentage of total oocytes. A Kruskal-Wallis multi-sample 
test showed significant intra-sample variation in oocyte-
size frequency for C. enigmadonta (H = 584.420, df = 71, 
p < 0.001). A post hoc Dunn’s multi-sample test indicated 
that around six to eight individuals of C. enigmadonta 
accounted for the significant variation in oocyte-size fre-
quencies. Gametogenic maturity in individuals which pos-
sessed mature oocytes ranged from 4.2 to 32.7%, with a 
mean of 15.7 ± 6.7%, indicating high disparity. Mean oocyte 
diameter ranged from 45.0 to 110.8 μm across each speci-
men of C. enigmadonta (Fig. 8). No significant correlation 
was found between body length and mean oocyte diameter 
(Spearman’s rank correlation, rs = 0.126, R2 = 0.091, N = 72, 
p = 0.291) or gametogenic maturity (Spearman’s rank cor-
relation, rs = 0.039, R2 = 0.009, N = 72, p = 0.746).

For C. aurora, oocyte diameter ranged from 14.1 to 183.8 
μm (Table 1). Oocyte-size distributions were determined 
to have a positively skewed pattern. The C. aurora oocyte 
size-frequency distributions had a clear peak between 20 
and 40 μm, attributed to previtellogenic oocytes. This peak 

Fig. 4  (a) Body length-frequency distributions for C. enigmadonta. 
Shell length-frequencies for C. aurora from the (b) Ganymede vent 
and (c) Hans Tore vent. N: number of individuals measured
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instantaneous fecundity did not exhibit a statistically signifi-
cant correlation (Spearman rank correlation, rs = 0.156, R2 = 
0.042, N = 72, p = 0.189).

Two individuals of C. aurora at the Ganymede vent (SL 
= 2.77 and 3.06 mm) and one individual at the Hans Tore 
vent (SL = 4.05 mm) did not contain mature oocytes. The 
smallest-sized individual that possessed mature oocytes was 
2.70 mm and 1.62 mm at the Ganymede and Hans Tore vent 
respectively. A Kruskal-Wallis test showed no statistically 
significant difference in instantaneous fecundity between 
the two black smoker vent sites in the AVF (H = 0.939, df 
= 1, p = 0.333). Thus, there was no apparent spatial varia-
tion in relation to instantaneous fecundity. Instantaneous 
fecundity was low and ranged from 1 to 12 mature oocytes, 
with a mean of 4.1 ± 2.4 mature oocytes. Shell length and 
instantaneous fecundity did not have a statistically signifi-
cant correlation at both vent sites (Spearman rank correla-
tion: Ganymede: rs = 0.291, R2 = 0.130, N = 22, p = 0.189 
and Hans Tore: rs = 0.003, R2 = 0.0006, N = 36, p = 0.986). 
However, instantaneous fecundity did show inter-species 
variation and was significantly different between C. enig-
madonta and C. aurora (Kruskal-Wallis test, H = 65.390 df 
= 1, p < 0.001).

Discussion

Recruitment and population structure

In C. enigmadonta and C. aurora, length-frequency distribu-
tions were negatively skewed, with distributions dominated 
by bigger organisms, suggesting a high juvenile growth rate 
and/or high juvenile mortality (Bayer et al. 2011). Con-
versely, McHugh (1989) suggested the possibility of juve-
nile negative sampling bias, which may occur if adults and 
juveniles are spatially segregated. There were distinct peaks 
in the length-frequency distributions for both species and at 
each vent site for C. aurora. From statistical analysis there 
was no significant difference between the length frequen-
cies of C. aurora sampled from each vent site. Although 
variation can occur on small scales, the Hans Tore vent and 
Ganymede vent are only separated by 6 m, thus it is likely 
individuals of C. aurora at the different vents would possess 

made up approximately 60% of oocytes in C. aurora speci-
mens. Furthermore, there appeared to be a minor peak at 
120–130 μm, which corresponded to mature oocytes. There 
was significant intra-sample variation in oocyte-size distri-
butions for the specimens from both vent sites (Kruskal-
Wallis multi-sample tests: Ganymede: H = 63.838, df = 21, 
p < 0.001 and Hans Tore: H = 67.682, df = 35, p < 0.001). 
The intra-sample variation was caused by two to four indi-
viduals at each site, as determined by a Post Hoc Dunn’s 
multi-sample test. There was no significant spatial varia-
tion in oocyte-size distribution of C. aurora between the 
two sampling locations (Kruskal-Wallis test, H = 0.03, df 
= 1, p = 0.863). Gametogenic maturity ranged from 1.52 to 
13.2%, with a mean gametogenic maturity of 5.7 ± 3.1%. 
Gametogenic maturity was independent from shell length 
at both vent sites (Spearman’s rank correlation, Gany-
mede: rs = 0.289, R2 = 0.122, N = 22, p = 0.192 and Hans 
Tore: rs = 0.010, R2 = 0.001, N = 36, p = 0.955). There was 
a significant correlation between mean oocyte diameter 
and shell length of C. aurora sampled from the Ganymede 
vent (Spearman rank correlation, rs = 0.467, R2 = 0.285, 
N = 22, p < 0.05; Fig. 8). In contrast, individuals sampled 
from the Hans Tore vent showed no statistically significant 
correlation between mean oocyte diameter and shell length 
(Spearman rank correlation, rs = 0.190, R2 = 0.022, N = 36, 
p = 0.267; Fig. 8). Furthermore, gametogenic maturity and 
mean oocyte diameter were significantly different between 
each species (Kruskal-Wallis test, gametogenic maturity: 
H = 56.515, df = 1, p < 0.001 and mean oocyte diameter: H = 
91.198, df = 1, p < 0.001).

Fecundity

From the 72 individuals of C. enigmadonta histologically 
processed, only three did not possess mature oocytes (SL 
= 4.76, 6.41 and 8.96 mm). The smallest-sized individual 
that possessed mature oocytes measured 5.23 mm, which 
can therefore be inferred as an estimate of the minimum 
size for the onset of reproductive development. Instanta-
neous fecundity was low and showed considerable variation 
for C. enigmadonta, ranging from 3 to 39 mature oocytes 
with a mean of 16.1 ± 9.3 mature oocytes. Body length and 

Table 1  Summary of reproductive traits for C. enigmadonta and C. Aurora. n: number, OO: oogonia, PVO: previtellogenic oocytes, VO: vitel-
logenic oocytes and MO: mature oocytes
Species
Vent

C. enigmadonta C. aurora
Ganymede Hans Tore

Mean (± SD) Range n Mean (± SD) Range n Mean (± SD) Range n
OO 32.1 ± 3.2 20.9–36.9 200 18.6 ± 1.5 14.1–21.6 60 18.7 ± 1.5 12.2–22.9 113
PVO 54.1 ± 10.8 34.7–82.9 2802 32.1 ± 6.7 20.0–56.5 969 31.9 ± 6.8 20.0–55.7 1649
VO 118.6 ± 15.7 69.0–149.1 2919 68.9 ± 17.8 39.8–113.7 406 65.8 ± 15.8 39.9–111.1 721
MO 149.0 ± 8.9 131.4–185.3 1113 128.4 ± 14.7 106–178.7 82 129.7 ± 17.9 102.2–183.8 157
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Fig. 5  Ovarian structure of C. enigmadonta and C. aurora. (a) Ovary 
of C. enigmdaonta located between shell muscle and stomach. (b-c) 
Oogenic cells in C. enigmadonta at the various stages of development 
within ovary. (d) Ovary of C. aurora located between shell muscle and 
stomach. (e) Oogenic cells in C. aurora at the various stages of devel-

opment within ovary. (f) Sperm cells in various stages of development 
in C. aurora. MO mature oocyte; O ovary; OO oogonia; PVO previtel-
logenic oocytes; SC sperm cells under development; SM shell muscle; 
St stomach; VO vitellogenic oocytes
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and Metaxas 2008), Protolira valvatoides, Pseudorimula 
midatlantica (Marticorena et al. 2020), Riftia pachyptila 
(Thiebaut et al. 2002) and Lepetodrilus elevatus (Mul-
lineaux et al. 1998). In comparison, continuous recruitment 
has been suggested for considerably fewer species, includ-
ing the species Lepetodrilus fucensis (Kelly and Metaxas 
2008) and Paralvinella panadorae (McHugh 1989). Poly-
modality and evident distinct peaks are indicative of discon-
tinuous recruitment (Kelly and Metaxas 2008; Marticorena 
et al. 2020), therefore both cocculinid species were deemed 
to display discontinuous recruitment.

Oogenesis

Histological analysis indicated a similar gametogenic pat-
tern in both study species, with oocytes present in all 
stages of development, although the oocyte size-ranges 
and oocyte-size frequency distributions differed. Vitello-
genic oocytes were the most abundant in C. enigmadonta, 
whereas previtellogenic oocytes were the most abundant in 
C. aurora. Only three individuals of both C. engimadonta 
and C. aurora did not possess all stages of gamete devel-
opment, which indicates reproduction is asynchronous at 
population level (Kelly and Metaxas 2007; Matabos and 
Thiebaut 2010; Marticorena et al. 2020). Furthermore, C. 
enigmadonta exhibited a strong bimodal distribution, with 
two definitive peaks, which suggests C. enigmadonta is 
iteroparous (Tyler et al. 2008), with developing oocytes 
separated into two cohorts (Olabarria and Ramirez-Llodra 
2004). Bimodal oocyte-size distributions have been reported 
in other vent gastropod species including Cyathermia nati-
coides and Rhynochopelta concentrica (Tyler et al. 2008) 
and Nodopelta heminoda, Nodopelta subnoda and Pelto-
spira operculta (Matabos and Thiebaut 2010). At both black 

the same reproductive patterns. Potential variation apparent 
in the length-frequency histograms could be explained by 
slight differences in growth and mortality rates, or varying 
microhabitats and environmental conditions (Matabos and 
Thiebaut 2010). For both species, the length frequency dis-
tributions can be described as ‘merging polymodal’ distri-
bution. Although, the distributions of both species appear 
as quasi-unimodal, it is likely the evident distinct peaks in 
each length-frequency distribution are attributed to numer-
ous recruitments merging into a main size, rather than a sin-
gular cohort. In most previous studies to date, discontinuous 
recruitment has been proposed for hydrothermal vent inver-
tebrates, including the species Depressigyra globulus (Kelly 

Fig. 7  Mean (± SD) oocyte size-frequency histograms. (a) Distribution for pooled individuals of C. enigmadonta. Distributions for C. aurora 
individuals from (b) Ganymede vent and (c) Hans Tore vent. N: number of individuals and n: number of oocytes

 

Fig. 6  Mean (± SD) oocyte diameter per oocyte developmental stage 
for C. enigmadonta and C. aurora. AntCoc: C. enigmadonta, AC-
GAN: C. aurora from the Ganymede vent and AC-HTV: C. aurora 
from the Hans Tore vent
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Reproductive biology

Histological processes are used to determine important 
information about reproductive patterns and life-history 
traits; however, these processes can cause tissue shrink-
age of up to 20% (Pendlebury 2005) and oocytes can be 
measured incorrectly if the major axis of the oocyte is not 
parallel to the plane of the section of the specimen (Cop-
ley and Young 2006). Nevertheless, oocyte size is vital in 
understanding the mode of larval development in deep-sea 
species (Kelly and Metaxas 2007; Tyler et al. 2008; Mar-
ticorena et al. 2020). Planktotrophic larvae are character-
ised by smaller eggs (< 200 μm), where the small egg size 
has minimal food reserves and cannot support dispersing 
larvae, requiring larvae to feed on detritus, phytoplankton 
and bacteria present in the water column. In comparison, 
lecithotrophic larvae are associated with larger eggs (> 200 
μm), which means that larvae can be sustained by yolks and 
energy reserves without needing to feed (Tyler 1988; Mar-
ticorena et al. 2020). For C. enigmadonta, the maximum 
oocyte size was 185.3 μm and for C. aurora it was 183.7 
μm, which suggests a planktotrophic development for both 
species of cocculinid. However, Chen et al. (2022) utilised 
a scanning electron microscope to investigate the proto-
conch and teleconch structures of C. aurora. The shell size 
and structure was indicative of a gastropod which exhibits 

smokers within the AVF, the oocyte-size distributions of C. 
aurora were dominated by previtellogenic oocytes, show-
ing a major peak between 20 and 40 μm and a much smaller 
peak between 120 and 130 μm corresponding to vitello-
genic oocytes. However, this second peak is not significant 
enough to conclude bimodal distribution for C. aurora. 
Rather, the oocyte-size distribution for C. aurora exhibited 
a positively skewed quasi-unimodal distribution. This dis-
tribution is similar to oocyte-size distributions of Amphissa 
acutecostata (Olabarria and Ramirez-Llodra 2004) and of 
Lepetodrilus tevnianus (Bayer et al. 2011). Olabarria and 
Ramirez-Llodra (2004) suggested a quasi-unimodal oocyte-
size distribution was evidence of slow but continuous 
maturation. Overall, both species have asynchronous repro-
duction and quasi-continuous gametogenesis because of the 
presence of all oocyte development stages in all but three 
individuals. Quasi-continuous gametogenesis would sug-
gest that species have a constant supply of energy, increas-
ing the number of eggs produced. This reproductive pattern 
is consistent with a continuous energy source produced by 
chemoautotrophic microorganisms at hydrothermal vents 
(Tyler et al. 1994).

Fig. 8  Relationship between body/shell length and mean oocyte diameter in C. enigmadonta and C. aurora at the Ganymede and Hans Tore vents. 
AntCoc: C. enigmadonta, AC-GAN: C. aurora from the Ganymede vent and AC-HTV: C. aurora from the Hans Tore vent
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2020), thus C. enigmadonta is a relatively ‘big’ species of 
cocculinid. Young et al. (2013) investigated recruitment and 
fecundity in two other cocculinid species namely, Cocculina 
rathbuni and Cocculina emsoni. They found a shell length 
of 1.5–4.0 mm for both species. These sizes were similar to 
C. aurora in the present study (1.62–5.51 mm). Young et al. 
(2013) found that instantaneous fecundity was limited to 40 
oocytes in C. rathbuni and C. emsoni, due to their ‘diminu-
tive size’. The maximum instantaneous fecundity recorded 
for C. aurora was 12 which is much lower than C. rath-
buni and C. emsoni. In comparison, the maximum instanta-
neous fecundity for C. enigmadonta was 39. Nonetheless, 
opportunistic life-history traits are possessed for cocculinid 
limpets, including small body sizes, and high growth rates 
(Young et al. 2013), but low fecundity and relatively large 
size at maturity are not usually exhibited by opportunistic 
species. Both species were found to be abundant at their 
respective sampling locations, however, which suggests 
that their apparent low fecundity does not limit survival and 
recruitment.

62% of hydrothermal vent molluscs have been listed 
as threatened by the International Union for Conservation 
of Nature (IUCN) (Thomas et al. 2021). Climate change 
(Sweetman et al. 2017; Ross et al. 2020) and pollution (Bar-
rett et al. 2020; Krause et al. 2020) continues to affect the 
marine environment, whilst the impacts of mining massive 
sulphides on hydrothermal vents is the centre of discussions 
for the development of regulations in this field (Miller et 
al. 2018; Niner et al. 2018). Investigating the reproductive 
biology of deep-sea vent molluscs is vital to understand the 
resilience and recovery potential of hydrothermal vent spe-
cies and communities in response to anthropogenic impacts 
(Hilário et al. 2015; Van Dover et al. 2018). Both C. enig-
madonta and C. aurora in this study were sampled from 
hydrothermal vents, and both species display advantageous 
reproductive adaptations and life-history traits including 
asynchronous reproduction, quasi-continuous gametogen-
esis, and small body sizes. Conversely, they exhibit low 
fecundities and relatively large size at maturity in com-
parison to other hydrothermal vent gastropods (Kelly and 
Metaxas 2007; Young et al. 2013), which would potentially 
hinder recovery and resilience of both cocculinid species to 
natural and anthropogenic disturbance. Furthermore, both 
species were abundant at their respective sampling loca-
tions, therefore C. enigmadonta and C. aurora gene flow 
and connectivity amongst vent sites within a region need to 
be better understood in order to assess impacts and recovery 
potential from exploitation activities to develop robust man-
agement plans (Hilário et al. 2015).

lecithotrophic larval development. Additionally, in all other 
cocculinid species examined to date, the protoconch struc-
ture suggests they are lecithotrophic (Marshall 1985; Hasz-
prunar 1988). Unfortunately, the shells C. enigmadonta 
individuals in this study and Chen and Linse (2020) were 
highly degraded, thus the larvae development could not be 
inferred using a scanning electron microscope. When con-
sidering oocyte shrinkage and phylogenetical constraints, 
it is likely C. enigmadonta exhibits lecithotrophic larval 
development.

Early maturation in vent species is seen as an advanta-
geous life-history trait which is indicative of opportunistic 
species (Bridges et al. 1994). The minimum size of repro-
ductive maturity was defined as the size at first develop-
ment of mature oocytes. The minimum size of reproductive 
maturity was 5.23 mm in C. enigmadonta. In C. aurora, the 
minimum size of maturity was 2.70 mm at the Ganymede 
vent, and 1.62 mm at the Hans Tore vent. Reproductive 
maturity occurs at around half of the maximum size for C. 
enigmadonta (52.7%) and a third of maximum size for C. 
aurora (29.4%). Young et al. (2013) found that the size of 
development of mature gametes was similar in Cocculina 
rathbuni which was 37.5%. Conversely, Kelly and Metaxas 
(2007) reported that the species Lepetodrilus fucensis pos-
sessed mature oocytes at ~ 16.7% of their maximum shell 
length and the species Lepetodrilus elevatus possessed 
mature oocytes at ~ 33.3% of their maximum shell length. 
In comparison to these species, C. enigmadonta had a rela-
tively high minimum size for mature gamete development. 
Cocculina enigmadonta and C. aurora had a similar maxi-
mum oocyte diameter, however the size of oocyte develop-
ment, mean oocyte diameter, the size of vitellogenesis, and 
mean mature oocyte diameter all differed. The mean mature 
oocyte diameter was 149.0 μm for C. enigmadonta and 
129.0 μm for C. aurora. These differences are likely related 
to the difference in the overall size of the species, with C. 
enigmadonta being much larger than C. aurora.

Fecundity

Instantaneous fecundity was statistically significantly 
greater in C. enigmadonta, than the C. aurora indicating 
there is considerable inter-species variation. Direct com-
parisons between the size of each species is difficult as body 
length was measured for C. enigmadonta, and shell length 
was measured for C. aurora individuals. Nevertheless, the 
mean body length of reproductively mature C. enigmadonta 
individuals (8.08 mm) was more than double that of C. 
aurora (3.91 mm). The difference in fecundity is likely a 
function of the significant size disparity between C. enig-
madonta and C. aurora. Individuals of the family Coccu-
linidae are typically less than 1 cm in size (Chen and Linse 
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