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Abstract :

The recovery of populations and their ability to recolonise a disturbed habitat is mainly dependent on their
reproductive biology (e.g., fecundity, frequency of reproduction, and time to maturity) and recruitment
success. To assess recolonisation processes and connectivity of vent communities, and infer their
resilience to natural and anthropogenic disturbances, we studied the life-history traits of two dominant
species of vent gastropods from the northern Mid-Atlantic Ridge: Protolira valvatoides and Pseudorimula
midatlantica. Gonad morphology, gametogenesis, and reproductive outputs related to shell length were
described using histological analyses, and population structure was assessed from individuals’ size—
frequency distributions. Samples were collected at different locations of the Montségur and Eiffel Tower
edifices (Lucky Strike vent field) in April 2015, July 2017, and August 2018 to inform on spatial and
temporal variations of their reproductive outputs and demography. All stages of oocyte development were
found in the gonads of both species, suggesting a continuous gametogenesis and asynchronous
reproduction. However, the two species showed contrasting reproductive strategies. Indeed, while P.
midatlantica is gonochoric with a fecundity of up to 327 mature oocytes, P. valvatoides is hermaphrodite
with an extremely low fecundity including a maximum of eight vitellogenic oocytes. Maximum oocyte size
was 176 um for P. midatlantica and 272 um for P. valvatoides. We infer from previous knowledge and our
results that both species exhibit a lecithotrophic development of larvae. There was no evidence of
temporal variability of reproductive traits, but environmental conditions seem to affect gametogenetic
maturity and oocyte size of P. midatlantica limpets. Variations in population structure at the edifice scale
suggest habitat selection of individuals related to biotic and abiotic factors.
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Introduction

Current worldwide demand in minerals and metals is rising while land-based resources are
severely decreasing (Hein et al. 2013). In this context, the interest of companies and countries
in deep-sea mining is escalating, targeting various high metal-based environments such as
Seafloor Massive Sulphide (SMS) deposits at hydrothermal vents, polymetallic nodules on
abyssal plains and cobalt-rich ferromanganese crusts at seamounts (Gollner et al. 2017).
Although commercial exploitation of seabed minerals has not yet begun, expected
consequences of deep-sea mining on ecosystems comprise direct and indirect impacts that
will vary with mining strategies (Ramirez-Llodra et al. 2011; Clark and Smith, 2013; Van Dover,
2014; Levin 2016) as well as with the biological and environmental characteristics of the
targeted ecosystems (Gollner 2017). In this context, it is urgent to evaluate the resilience of

deep-sea communities to inform the development of environmental management plans.

Resilience can be defined as the ability of an ecosystem to maintain its structure and function
in response to a perturbation (Carpenter et al. 2001; Cumming et al. 2012). This definition
involves two distinct processes: (1) resistance, related to the ability of a system to absorb the
effects of disturbance without changing (Connell and Ghedini 2015) and (2) recovery, which is
the capacity of an ecosystem to return to its undisturbed state (Ingrisch and Bahn 2018).
Functional resilience occurs at multiple scales of ecological organisation, ranging from
individual to community levels (Oliver et al. 2015). At the population-level, resilience refers to
the ability of a species to occupy new space and recolonise a disturbed area. It is partly related
to reproductive traits such as reproductive frequency, fecundity, time to maturity and
recruitment success (see Gladstone-Gallagher et al. 2019). Thus, the recovery of impacted
habitats is highly dependent on the dispersal and recolonisation potential of the different

species.

Hydrothermal vents represent extremely fragmented and transient habitats that can be
separated by tens to hundreds of kilometres along mid-ocean ridges and back-arc basins.

Consequently, the recovery of impacted vent communities will strongly depend on larval
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supply reaching from preserved areas and on the success of recruitment events. Connectivity
patterns are major drivers of the demographic stability of local populations. Two
complementary methods can help to assess the connectivity between populations: i)
population genetic based models (Tyler and Young 1999; Vrijenhoek 2010; Baco et al. 2016)
and ii) coupled biophysical models that include ocean circulation and early life-history traits
such as timing of spawning, fecundity, larval mortality and planktonic larval duration (Pradillon
et al. 2001; Metaxas and Saunders 2009; Hilario et al. 2015; Suzuki et al. 2018; Vic et al. 2018).
However, despite their relevance, discrepancies in the results of these modelling approaches
highlight a lack of knowledge of both physical and biological variables in deep-sea ecosystems
(Breusing et al. 2016). Indeed, for most deep-sea species, empirical data on early life-history
traits is, at best, fragmentary but often completely lacking (Tyler and Young 1999). It is
therefore urgent to increase our knowledge about the natural processes driving population
connectivity, colonisation patterns and ecosystem recovery, to better understand the
resilience of vent communities following a disturbance (Mullineaux et al. 2010; Gollner et al.

2015; Boschen et al. 2016; Gollner et al. 2017).

Hydrothermal vent communities in the northern part of the mid-Atlantic ridge and specifically
at the Lucky Strike vent field (LS) are characterised by dense assemblages of macrofauna,
structured by the engineer species Bathymodiolus azoricus. B. azoricus mussel beds provide a
three-dimensional habitat promoting high-density populations of gastropods (Protolira
valvatoides, Pseudorimula midatlantica, Lepetodrilus atlanticus) and polychaetes
(Branchipolynoe seepensis, Amphisamytha lutzi (Cuvelier et al. 2014; Sarrazin et al. 2015).
While basic reproductive traits are known for most species in the area, only the reproductive
biology of B. azoricus, L. atlanticus, B. seepensis and A. lutzi has been described in details (Van
Dover et al. 1999; Jollivet et al. 2000; Blake and Van Dover 2005; Colaco et al. 2006; Dixon et
al. 2006; Tyler et al. 2008), and our knowledge of gastropods remains limited. Gathering this
information is key in understanding the establishment of vent faunal communities and

ecosystem functioning.

Gametogenesis, and especially vitellogenetic mechanisms, defined as the synthesis and
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storage of energetic reserves in the growing oocytes, appears to be phylogenetically
constrained (Eckelbarger 1995; Tyler and Young 1999). In contrast, the number and quality of
the eggs, and also the time of spawning, can be affected by environmental conditions
(Ramirez-Llodra 2002; Kelly and Metaxas 2007; Matabos and Thiebaut 2010). The continuous
supply of energy introduced in the food web by chemoautotrophic bacteria at hydrothermal
vents can support an asynchronous and quasi-continuous production of eggs by benthic
species, but seasonal reproduction has also been observed in bathymodiolin mussels
(reviewed by Laming et al. 2018). Energy availability can also shape the trade-off between egg
size and fecundity (Ramirez-Llodra 2002), and the size of mature oocytes can provide
information about larval development mode and help determining the type of larvae.
Planktotrophic larvae are those feeding in the water-column, while lecithotrophic larvae feed
on the egg’s yolk until settlement. As a general pattern, species producing a large number of
small eggs (< 200 um) have planktotrophic larval feeding modes, while lecithotrophic species
produce a small number of larger eggs (> 200 um) (Jaekle 1995; Levin and Bridges 1995). For
molluscs, larval shell morphology has also been used to infer larval development and
dispersal, based on observations of shallow-water species (Gustafson and Lutz 1994). Protolira
species are hermaphroditic and have a spirally coiled propodial appendage interpreted as a
penis and thus with assumed pseudo-internal fertilization occurring in the pallial cavity
(Warén and Bouchet 1993. P. midatlantica (Mclean 1992) is described as gonochoristic and
characterized by a hypertrophied gonad that displaces the foot on the left side of the animal,

probably in response to the need of a greater reproductive output (Mclean 1992).

In this study, we describe for the first time the gametogenesis, population structure and infer
the reproductive output at the time of sampling of two abundant MAR gastropods (Protolira
valvatoides and Pseudorimula midatlantica), providing novel data to better assess the
recovery potential of vent ecosystems in face of natural and anthropogenic disturbances. This
work is part of a larger study that aims at evaluating the rate and success of recovery of active
hydrothermal vent communities after an induced disturbance using a 2 year in situ
experiment. Community recolonisation one year and two years after disturbance (faunal
removal) was monitored and the role of biological and chemical factors on recolonisation

dynamics evaluated.
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Material and Methods

Field sampling

All specimens of Protolira valvatoides and Pseudorimula midatlantica were sampled using the
hydraulic arm and suction sampling device of the Remotely Operated Vehicle Victor6000. They
were collected in Bathymodiolus azoricus assemblages on diffused flow habitats on the
Montségur and Eiffel Tower edifices (Lucky Strike vent field, MAR) at 1700 m depth (Fig. 1).
To investigate spatial variation of reproductive and population structure features, samples
were collected at different sampling locations with varying environmental conditions (Fig. 1,
Table 1). Sample names refer to a disturbance experiment that was held on the Montségur
edifice from 2017 to 2019. Individuals from three cruises, occurring in May 2015
(MOMARSAT2015), July 2017 (MOMARSAT2017) and August 2018 (MOMARSAT2018), were

compared to test for temporal variations across the two species.

To complete the dataset, in situ temperature measurements were conducted year-round with
autonomous MISO (2015, WHOI-MISO low temp-ONSET®) and iButtons™ (2017 and 2018)

probes deployed directly on the mussel assemblages.

On board, all faunal samples were washed on a 300 um sieve and gastropods were identified
to species level. Five to twenty individuals of P. valvatoides and P. midatlantica from each
sample were stored in buffered 4% formaldehyde for reproduction studies, whereas all other

specimens were preserved in 96% ethanol for population structure analyses.

Population structure

Size-frequency distributions of both species were only analysed for the samples from the
Montségur edifice, as most of the Eiffel Tower specimens were used for other analyses and
therefore not measured. To characterize demographic population structure, photos of P.
midatlantica and P. valvatoides were captured with a Leica MC 170 HD camera mounted on a
Leica M125 dissecting microscope. The curvilinear distance (i.e. longest length from the apex
to the anterior edge of the shell along the dorsal side) of P. midatlantica and the longest shell
dimension of P. valvatoides (see Bates et al. 2006 for protocol) were measured to the nearest

0.001 mm using the Leica Application Suite software. Measurement error was calculated as
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the maximum difference among 10 measures of the same individual on 10 specimens
comprising a range of all sizes for each species. It was fixed at 0.052 mm for P. midatlantica

and 0.029 mm for P. valvatoides.

For each assemblage sampled, length-frequency distribution was plotted for the two species
using a size-class interval of 0.3 mm for P. midatlantica and 0.2 mm for P. valvatoides. The
intervals were chosen according to three criteria: i) most size-classes must have at least five
individuals; ii) the number of adjacent empty classes must be minimized; and iii) the interval
has to be much greater than the measurement error (see Jollivet et al. 2000). Size-frequency
distributions were compared to a normal distribution using a one-sample Kolmogorov-
Smirnov test and non-parametric Kruskal-Wallis multisample tests were performed to identify
differences in size-frequency distribution between samples. To determine which individuals
contributed to the observed differences, multiple comparison Nemenyi and Dunn tests were

computed (Zar, 2007).

When distributions differed significantly from a normal distribution, and assuming that
gastropod sizes followed a Gaussian distribution within each cohort, a modal decomposition
was ran for all sampled assemblages of P. valvatoides. Modal decomposition analyses were
not performed for P. midatlantica because at least 100 to 300 specimens are required to have
a fairly good representation of the population, which was not the case in some of our samples
for this species. The modal decomposition analyses of P. valvatoides was conducted with the
Mixdist package (Macdonald and Du, 2018) in R (RStudio Team, 2016), which identifies the
total number of cohorts within the natural distribution and calculates the mean size, standard
deviation and proportion of the overall population in each cohort. The goodness of fit of
identified size cohorts was verified using a chi-squared test. Seven individuals of P. valvatoides
were removed from the distribution of Cla, Clacg and R1 before the MIX analysis to avoid

null classes separating the modes.
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Reproductive biology

The shells of P. midatlantica were gently removed using forceps, while P. valvatoides
individuals were rapidly decalcified using a HCL 10% solution before removing the
periostracum under a dissecting microscope. The entire soft body was then processed through
graded ethanol and dehydrated in absolute isopropanol before being embedded in paraffin
wax. For histological analyses, serial horizontal 7 um thick sections of gonads were prepared
using a microtome. Sections were stained with the routine staining haematoxylin and eosin
protocol (Gabe, 1968). Observations were performed using the AxioZoom stereomicroscope
(Zeiss, Oberkochen, Germany) equipped with an ApoTome.2 slider module (Zeiss) and a HXP
200C light technology (Zeiss) and using an AxioCam MRm (Zeiss) camera. Micrographs were

analyzed using the Zen (Zeiss) software.

For gametogenesis studies, at least 100 oocytes per specimen were measured using the image
J © software (Schneider et al. 2012) from 2 to 3 serial sections for P. midatlantica. For P.
valvatoides, the very low number of oocytes was insufficient to reach 100 oocytes even when
using serial sections of the entire gonad. Only oocytes that had been sectioned through the
nucleus were measured using the feret diameter, which estimates the diameter of a
hypothetical disc with the same area as the measured object. Oocyte sizes were grouped into
10 um classes for frequency diagrams constructed for each sampling location. To assess
synchrony of gametogenesis among and between samples, non-parametric Kruskal-Wallis
multi-sample and Nemenyi and Dunn tests were performed on oocyte size. Gametogenetic
maturity was estimated from the percentage of vitellogenic oocytes on the total of oocytes
measured for each animal and comparisons among samples were made using the same

methods as previously described.

Instantaneous fecundity was quantified as the number of vitellogenic oocytes in the entire
ovary of an individual at the time of sampling (Tyler and Billett 1988; Ramirez-Llodra 2002).
Fecundity was quantified in 10 individuals for P. midatlantica and 9 individuals for P.
valvatoides. To ensure that a vitellogenic oocyte was not counted more than once, the

overlying sections were compared.
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Results

Environmental conditions

The mean temperatures measured over the year within the different quadrats varied between
5.1 and 8.3°C and were typical of a diffuse flow venting area (Table 1). Significant spatial
variations of mean temperature have been identified with the presence of warmer habitats in

R1, C2a and Cla quadrats (ANOVA, F = 6591, p-value < 0.001).

Gonad morphology and gametogenesis

In total, 58 individuals of Protolira valvatoides and 34 females of Pseudorimula midatlantica,

collected at different sampling locations, over three years, were analyzed (Table 1).

The hermaphroditic genital system of Protolira valvatoides consists of separate ovary with
oviduct and a testis with a vas deferens (Fig. 2a and c). The large ovary is situated dorsally and
occupies, together with the digestive gland, the uppermost whorl of the shell (Fig. 2a and c).
The testis is located anterio-ventrally of the ovary, extending on the right side of the animal.
Spermatogenesis begins with the development of germinal spermatogonia with a mean
diameter of 4 um from the wall of testis tubules. Spermatogonia differentiate in
spermatocytes and spermatids via mitotic divisions, before developing into flagellated
spermatozoa in the lumen of the testis (Fig. 2g). During oogenesis, the oogonia proliferate in
the germinal epithelium, which extends throughout the entire ovary. Oogonia grow to
approximatively 20 um before developing in previtellogenic oocytes. Qogonia appear in
histological sections as small cells with a large and dark stained nucleus occupying the entire
cell, while previtellogenic oocytes are larger (20—100 um) with a basophilic and more
voluminous cytoplasm that stain in light purple (Fig. 2e). Previtellogenic oocytes grow until
reaching 80—-100 um, when they undergo vitellogenesis. At the beginning of vitellogenesis,
yolk granules are visible at the periphery of the oocytes and spread to the entire oocyte.
Vitellogenic oocytes show an eccentric germinal vesicle and acidophilic cytoplasm stained in
pale pink with eosin (Fig. 2e). For Protolira valvatoides, the mean size of vitellogenic oocytes

was 185 um (ferret diameter) and the maximum size measured was 272 pum.
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Pseudorimula midatlantica is a gonochoric species with separated male and female
individuals. In females, the ovary occupies a large volume of the animal, extending from the
very posterior end to the pallial roof on the right side (Fig. 2b). It is ventrally replaced by the
stomach and digestive glands and surrounded on both sides by the shell muscle (Fig. 2d). The
development and maturation of oocytes and spermatozoa are similar to P. valvatoides (Fig.
2H). In the ovary, the previtellogenic oocytes grow to a size of 40-50 um before starting
vitellogenesis (Fig. 2f). The mean size of vitellogenic oocyte for P. midatlantica was 81 um,
with a maximum size of 176 um, and yolk was distributed all over the oocyte (Fig. 2f). All
developmental stages of oocytes (i.e. oogonia, previtellogenic oocytes and vitellogenic

oocytes) were observed in all individuals analysed for both species.

Oocyte size-frequency distribution

For both species, oogonia were much more abundant in ovaries than previtellogenic and
vitellogenic oocytes. Hence, oogonia were not considered for oocyte-size distribution
analyses. For both species, the Kruskal-Wallis multisample test showed intra-sample
differences in mean oocytes size and the post-hoc Dunn’s multi-sample test indicated that
only one to three individuals of each sample contributed to these differences (Table S1). To
ensure that there was no individual size effect among samples in testing the spatial and
temporal variation of oocyte distribution, we compared shell length of the examined
individuals. No significant differences were identified (Test Kruskal-Wallis, H = 0.44, df = 7, p-
value > 0.05 for P. valvatoides and H=11.07, df = 7, p-value > 0.05 for P. midatlantica). Oocyte
size-frequency distributions were highly variable between individuals and there was no
evidence of synchronous oogenesis. However, the two species displayed the same polymodal
pattern in oocyte-frequency distribution skewed towards smaller oocytes with a tail in larger

sizes that may contain several modes (Figs. 3 and 4).

For P. valvatoides, oocyte size ranged from 9 to 272 um (Fig. 3) and the size-frequency
distribution showed a first peak containing between 91 and 96 % of the total number of
oocytes, corresponding to previtellogenic oocytes (< 100 um). The rest of the distribution
contained one or more peaks of larger oocytes (> 100 um), corresponding to previtellogenic
oocytes at the onset of vitellogenesis and truly vitellogenic oocytes. Kruskal-Wallis multi-

sample tests showed that oocytes size distributions between locations and sampling period

10
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did not differ significantly (Fig. 5a and c, Fig. S1). The percentage of mature oocytes ranged
from 3% to 18% of all oocytes and was not correlated with the animal body length (R =-0.014,
p-value = 0.91) (Fig. 6a). Finally, no difference was observed regarding the proportion of
vitellogenic oocytes among localities (Kruskal-Wallis test, H = 7.23, df = 5, p-value > 0.05; Fig.

5¢)

For P. midatlantica, oocyte size ranged from 4 to 176 um (Fig. 4) and size frequency
distribution showed a first peak, containing between 31 and 82 % of the total population,
which corresponded to previtellogenic oocytes (< 50 um). A second and minor peak was
mostly constituted by larger vitellogenic oocytes (> 50 um). An intermediate peak including
oocytes at the beginning of vitellogenesis (between 40 and 50 um) was also present for most
of the localities (Fig. 4). P. midatlantica showed a significant spatial variation in oocyte size
distribution among the different sites with smaller oocytes in the Cla sample and larger
oocytes in the C2a sample (Fig. 5b and d). Nevertheless, there was no evidence of temporal
variation in mean oocyte size of P. midatlantica (Fig. S2). For this species, the percentage of
mature oocytes was independent of body size and ranged from 6% to 51% of all oocytes (Fig.
6B). The percentage of mature oocytes varied significantly among localities, with a larger
proportion of vitellogenic oocytes in the C2a and R1 samples (Kruskal-Wallis test, H = 19.43,
df = 6, p-value < 0.005).

Fecundity

An estimation of instantaneous fecundity was measured from individuals randomly selected
among the Cla sample. In total, 9 individuals of P. valvatoides with sizes ranging from 2.2 to
3.4 mm, and 10 females of P. midatlantica, with shell lengths comprised between 4.1 and 8
mm, were analysed. In this study, even the smallest individuals examined possessed
vitellogenic oocytes, so it was not possible to assess the minimal size at first maturity.
Furthermore, for both species, mature individuals with shell length about half of their
maximum size have been found. In P. valvatoides, the maximum instantaneous fecundity was
very low, with only 8 vitellogenic oocytes through the entire ovary. Fecundity appears to be
independent of animal size for the 9 individuals analysed (R?=0.007, p-value = 0.34). Mean
instantaneous fecundity of P. midatlantica was 187 + 44 oocytes per female, with a maximum

of 327 oocytes found in an individual with a length of 8 mm. Fecundity and shell length showed

11
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a positive linear relationship for the 10 examined specimens of P. midatlantica (R* = 0.84, p-

value < 0.001).

Population structure

The demographic structures of the two species for each sample collected on Montségur in
2017 are presented in Figures 7a and b. All frequency distributions significantly differed from
the normal distribution (Kolmogorov-Smirnov test, p-value <0.001) and were thus assumed to
be polymodal. For P. valvatoides, specimens ranged in shell length from 0.51 to 3.84 mm.
Distributions were dominated by large individuals with a major peak between 2 and 2.5 mm
(Fig. 7). However, while the chi® tests associated with the MIX modal decomposition
highlighted no significant differences between the observed and obtained theoretical
distributions, the low level of acceptance did not allow to determine reliable cohorts within
the studied population. This might be due to the limited number of individuals analysed, or
related to processes other than discontinuous recruitment. The Kruskal-Wallis multi-sample
test identified significant differences in size-frequency distribution between the different
samples (H = 49.424, df = 3, p-value < 0.001) and the post-hoc Dunn’s multi-sample test
showed that every sample was different from each other, except for Clacg which is not

significantly different from C2a and R1 (Table 2).

The low abundance of P. midatlantica did not allow to perform modal decomposition analysis,
but the size distribution is highly variable across the different samples with, for example, a
mean size of 2.4 + 0.7 mm in the Cla sample against 3.7 + 1.1 mm in C2a. The Kruskal-Wallis
multi-sample test confirmed the observed difference among the localities (H = 112.04, df = 6,
p-value < 0.001) and the post-hoc multiple Dunn’s test highlighted significant differences
between most of the samples, except for the C1b which contained only 16 individuals (Table

2).

Discussion

Reproductive anatomy
The reproductive anatomy of Protolira valvatoides and Pseudorimula midatlantica showed

some differences leading to distinct reproductive attributes. Protolira valvatoides is a

12
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simultaneous hermaphroditic gastropod with separated ovary and testis, characterized by the
presence of a propodial penis (Warén and Bouchet 1993) and internal fertilization as most of
the Skeneidae species (Haszprunar et al. 2016). Internal or pseudo-internal (i.e. entaquatic)
fertilization is an advantageous strategy adopted by many vent species that could ensure a
high level of fertilization by preventing the rapid dilution of gametes in the turbulent flow
regime of vents (Fretter 1989, Tyler and Young 1994, Hilario et al. 2005). Conversely,
Pseudorimula midatlantica is a gonochoric species with a large ovary occupying almost a third
of the body size. Unlike other genera of the Lepetodrilidae family (e.g. Clypeosectus,
Gorgoleptis and Lepetodrilus), Pseudorimula lack secondary reproductive organs such as a
penis or seminal groove (Haszprunar 1989; Waren and Bouchet 2001) and no vesicle
containing sperm or fertilized oocytes have been found in females of this study. However,
Haszprunar (1989) identified the presence of ripe spermatozoa in contact with mucous
droplets of the prostate gland in Pseudorimula marianae males, suggesting an entaquatic
fertilization occurring after copulation in the female mantle cavities when oocytes are
released in the sea water. While the two species analysed in this study are known to be
associated with Bathymodiolus azoricus in cold habitats (Sarrazin et al. 2015), warmer fluid
zones can be as close as few to tens of centimetres (Sarrazin et al. 2014; Matabos et al. 2015).
Gametes released in seawater could thus easily be exposed to temperature above 100°C.
Some deep-sea gastropods are known to enclose embryos within egg capsules or gelatinous
mucus to protect them from harsh conditions (Berg 1985; Gustafson et al. 1991; Bouchet and
Warén 1991; Warén and Bouchet 2001; Martell et al. 2002; Watanabe et al. 2009), but to our
knowledge, none of the species belonging to the two investigated families display this type of

development.

Gametogenesis

The two species investigated displayed a similar gametogenic pattern with the presence of all
stages of oocyte development. The small oogonia of around 20 um develop from the germinal
epithelium and evolve to previtellogenic oocytes. These previtellogenic oocytes reach 80-100
pum for P. valvatoides and 40-50 um for P. midatlantica, after which they undergo
vitellogenesis, with a mean size of 185 um for P. valvatoides and 81 um for P. midatlantica.
The polymodal distribution and the absence of temporal variation of oocyte-size frequency

identified in this study for both species suggest iteroparity with a quasi-continuous and
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asynchronous gametogenesis among individuals. These reproductive patterns have been
observed in many vent gastropod families such as Lepetodrilidae (Kelly and Metaxas 2007;
Tyler et al. 2008, Bayer et al. 2011; Nakamura et al. 2014), Peltospiridae (Fretter 1988;
Matabos and Thiebaut 2010) and Sutilizonidae (Hazsprunar 1989; Gustafson and Lutz, 1994).
Continuous or quasi-continuous gametogenesis is also found in other vent taxa, including
polychaetes (e.g. Alvinellidae, Ampharetidae, Polynoidae, and Siboglinidae families; McHugh
and Tunnicliffe 1994; McHugh 1995; Zal et al. 1995; Van Dover et al. 1999; Jollivet et al. 2000;
Blake and Van Dover 2005), shrimps (e.g. Rimicaris chacei, Mirocaris fortunata; Ramirez-
Llodra et al. 2000) and amphipods (Halice hesmonectes, Bouvierella curtirama; Sheader et al.
2000; 2004). This continuity in gametogenesis may be linked to the continuous supply of
energy in the vent environment, introduced in the food web by chemoautotrophic
microorganisms (Tyler et al. 1994). Thus, invertebrate species can allocate a constant supply
of energy for egg production and enhance the number of offspring throughout the year.
However, despite the absence of energy limitation, some vent species such as Bathymodiolus
azoricus display a seasonal reproduction with an annual emission of gametes around January
(Colago et al. 2006; Dixon et al. 2006). Their periodic spawning and fertilisation events and
development of embryos into planktotrophic larvae seem to be linked to the seasonal input
of phytoplankton detritus from the surface sinking through the water column to the seafloor

(Gage and Tyler, 1991; Eckelbarger and Watling, 1995).

Reproductive output

The maximum oocyte-size found in P. midatlantica (176 um) fell in the range of sizes
previously observed in the Lepetodrilidae family. Oocytes are larger than those of Lepetodrilus
atlanticus, L. elevatus and L. ovalis, but in the same order of magnitude as those of L. fucensis,
L. cristatus, L. pustulosus and L. tevnianus (Fretter 1988, Kelly and Metaxas 2007; Tyler et al.
2008; Matabos and Thiebaut 2010; Bayer et al. 2011). Oocyte size is commonly used as an
indicator of larval development mode. This assumes that large oocytes accumulate more yolk
and can provide enough energetic resources for a lecithotrophic nutrition when the larvae
disperse in the water column feeding only on the reserves accumulated in the eggs. On the
contrary, smaller eggs do not contain enough food reserves to support dispersing larvae, and
thus these larvae are mostly planktotrophic, feeding on bacteria, phytoplankton or detritus in

the water-column (Tyler 1988). The maximum egg size of 176 um for Pseudorimula
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midatlantica suggests a planktotrophic development for this species (Jaekle 1995; Levin and
Bridges 1995). However, for lepetodrilid species egg size appears to be a poor indicator of
larval development (Tyler et al. 2008). For instance, even if all lepetodrilid species studied to
date display quite small maximum oocytes size (<200 um, Table 3), the morphology of their
larval shell is consistent with a lecitothrophic development (Tyler et al. 2008, Lutz et al. 1986).
This trait was proposed to reflect a phylogenetic constraint on vent taxa (Lutz et al. 1984). In
general, larvae that are dependent on the energy from the yolk have a limited dispersion
ability compared to planktotrophic larvae (Levin 2006). However, it has been demonstrated
that for deep-sea species, cold temperatures can lead to a reduction of the metabolism and a
delay of metamorphosis. This would enhance planktonic larval duration (PLD), suggesting the
potential for a wider dispersal range (Pradillon et al. 2001; Young 2003, Watanabe et al. 2006;
Adams et al. 2012).

When analysing the spatial variation of mean oocyte size and individual maturity for P.
midatlantica within LS vent field, we observed differences at the edifice scale, with larger
oocytes and higher proportion of mature oocytes in individuals of the C2a and R1 sites and
lower values in the Cla sample. In Cla, there was only one female among the 10 examined
individuals that could account for the observed difference in mean oocyte size compared to
other samples. Interestingly, the C2a and R1 locations displayed the warmer and more
variable temperatures, with mean temperature of 6.6 + 0.9 °C for C2a and 8.3 + 1.1 °C for
R1 compared to 5.7 £ 0.26 in Cla. The same observation was reported by Kelly and Metaxas
(2007) between active and senescent habitats for L. fucensis in the Juan de Fuca Ridge. These
authors showed poorly developed oocytes and lower fecundity in species inhabiting senescent
environments, suggesting an influence of habitat characteristics on reproductive outputs (i.e.
fecundity and oocyte size). Indeed, the proximity of vent emissions of warmer habitats might
enhance chemoautotrophic production (Guezennec et al. 1998, Sievert et al., 2000) and
provide a greater food supply for gastropods, allowing individuals to allocate more energy in

vitellogenesis.

Female fecundity and shell size showed a strong linear relationship in P. midatlantica. The
size-dependence of fecundity is a characteristic among many invertebrates, since larger
females are able to enhance their resource acquisition and allocate them to reproductive
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processes (Bridges et al. 1994; Ramirez-Llodra 2002). This can also be supported by a positive
correlation between body size and the volume of the ovary that may contain more oocytes
(Honkoop and Van der Meer 1997). The maximum instantaneous fecundity of P. midatlantica
was 327 oocytes, measured in an individual of 8 mm. The lower fecundity of P. midatlantica
compared to other species of Lepetodrilid (Table 3) can be a result of the difference observed

in oocyte size: as this species has larger oocytes, less of them can be stored in the ovary.

P. valvatoides displayed an extremely low fecundity, with a maximum of 8 oocytes and no
relationship between fecundity and body size was observed. The specific trade-off between
size and number of mature oocytes due to individual body-size constraints can explain the low
fecundity observed in this species. The very small body size of P. valvatoides (below 4 mm) is
a common characteristic of Skeneidae species. However, P. valvatoides have large and yolky
vitellogenic oocytes with a maximum size of 272 um, suggesting a lecithotrophic development
of the larvae (Haszprunar et al. 2016), similar to most vent gastropods (Lutz et al. 1984; Berg
1985; Gustafson and Lutz 1994). While the low fecundity observed in P. valvatoides may result
in a very weak probability to disperse at large scale and reach a new habitat, this species
remains very abundant within vent communities. The simultaneous hermaphroditism
observed in this species might contribute to maximizing the number of fertilized individuals,
resulting in a larger effective population size (i.e. number of individuals contributing to the
next generation). Hence, a large number of reproducing individuals could counteract the low
fecundity observed in P. valvatoides by ensuring a high retention rate and increasing the
number of larvae available for dispersal. This hypothesis requires further investigation and

population genetics approaches would bring additional insights in the dispersal of this species.

Recruitment and population structure

The polymodal size-frequency distribution observed within the different samples for both
species suggest episodic recruitment events. The discrepancy between continuous
gametogenesis and discontinuous recruitment has been previously observed in vent
gastropods (Matabos and Thiebaut 2010) and can be related to the occurrence of discrete
spawning events and/or post-settlement processes, including mortality and differential
growth. In addition, the number of juveniles found in this study is low and many factors can

explain this observation. First, the observed fecundity of the two species studied is low, thus
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each spawning event would supply a small number of larvae, resulting in the settlement of
only a few specimens. Secondly, biotic and abiotic factors like competition for space or
physical stress on post-settled individuals may play a major role on mortality rates (Kelly and
Metaxas 2007). The observed differences in population structure among sampling locations
suggest variations in recruitment between different microhabitats, or could be linked to
differential mortality and growth rates specific to the habitat. This may be driven by spatial
variations in hydrothermal fluid flux, habitat heterogeneity or linked to differences in local
diversity that can, in turn, influence biotic interactions. Despite the extremely low fecundity
of P. valvatoides, the adult population present a high abundance of individuals that can reach
up to 4000 individuals.m™ (Husson et al. 2017) in the different locations. Many hypotheses
can support this observation. On one hand, the combination of high density of organisms and
hermaphroditism might ensure the release of enough fertilized eggs to sustain the local
population. On the other hand, it could be possible that the emitted eggs are non-buoyant or
directly lay on hard substratum, as observed in other vent gastropods (Gustafson et al. 1991;
Fretter and Graham 1994; Yahagi et al. 2017). The direct development of this species within
the parental community would result in a high rate of retention within the community. In fact,
we noticed the presence of eggs laying on the sulphide substratum among faunal
assemblages, which could belong to P. valvatoides. Population genetic studies are necessary
to better understand the dispersal abilities for this species and determine the level of

population retention at the site scale.

Implications for the resilience of vent communities

A major disturbance at active hydrothermal vents, for example during deep-sea mining
operations, would lead to the collapse of the established faunal community. The first step in
the colonisation of newly formed low-temperature habitats is marked by the development of
free-living microbial communities (Shank et al. 1998). This large microbial production allows
the establishment of numerous metazoan species, among which, grazers and scavengers
represent the pioneer colonisers (Shank et al. 1998; Mullineaux et al. 2010; Mullineaux et al.
2012; Cuvelier et al. 2018). Then, the main pathway of macrofaunal recolonisation after a
large-scale disturbance is the settlement of larvae coming from adjacent areas (regional pool),
which results from the coincidence between the timing of disturbance and that of colonist

availabilities (Lutz et al. 1984; Pradillon et al. 2005, Mullineaux et al. 2010, 2012). Although
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our knowledge regarding reproductive biology and dispersal capacity of vent species remains
scarce, some reproductive features of four dominant macrofaunal species of the Lucky Strike
vent field in the Mid-Atlantic Ridge have been investigated (Table 4). These species, which
include three gastropods (L. atlanticus, P. midatlantica and P. valvatoides) and the polychaete
Amphisamytha lutzi, are characterized by early maturity, quasi-continuous gametogenesis
and lecithotrophic larval development, which appears to be a common and widespread
successful reproductive strategy at vents. Continuous gametogenesis and lecithotrophic
development might ensure the continual presence of larvae in the environment and their

retention in the surrounding area.

Previous studies have hypothesized the implication of organic falls (e.g. whale falls) as
“stepping stones” that represent islands of food resources and suitable habitats for
chemosynthetically-fuelled species, and can thus play a connectivity role between vent and
seep habitats (Hecker 1985, Smith et al. 1989). Protolira species appear to be able to develop
on organic falls and feed on the local microbial production. Indeed, Protolira thorvaldssoni has
been found both at vent and seep environments, but also on whale bones, from which the
species was originally described (Waren 1996). P. valvatoides has also been recorded on wood
substrata deployed in inactive areas on the LS vent field (Alfaro-Lucas et al. in revision).
Despite their extremely low fecundity, P. valvatoides seems to be able to disperse as larvae,
and reach organic substrata, few hundred meters from active vents. This observation is not
consistent with our hypotheses of direct development of larvae and high retention rate for
this species, and many uncertainties remain regarding their dispersion. It is more likely that
the simultaneous hermaphroditism observed in this species represents an advantage over
gonochorism in situations in which finding a mate is difficult (Heller et al. 2008). Thus, even in
the case of low density of organisms on organic falls, P. valvatoides might ensure a relatively
good reproductive success and enhance their establishment by maximising the number of

offsprings.

To conclude, the two gastropod species considered in the present study exhibit some common
phylogenetically constrained reproductive traits, such as early maturity, quasi-continuous
gametogenesis and lecithotrophic larval development. This combination of reproductive traits

appears to be a widespread attribute among vent invertebrates to ensure the continuity of
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larval supply and improve the sustainability of populations in the surrounding environment.
However, the two species showed contrasting reproductive features in terms of fecundity,
oocyte size and reproductive mode. Indeed, there is an important trade-off between the size
and the number of eggs produced by adults that is constrained by morphological and
physiological features and is highly dependent on energy availability. In this context, P.
midatlantica is characterized by the production of smaller mature oocytes counterbalanced
by a higher fecundity compared to P. valvatoides. This specific strategy may enhance
recruitment success by maximizing the number of offsprings but reduce the ability to disperse
further because less energy is allocated to a single oocyte. Conversely, P. valvatoides produces
a very low number of bigger oocytes. For this species, small adult size associated with reduced
ovary volume constrain the reproductive output. Despite its low fecundity, P. valvatoides
hermaphroditism may be an advantage to enhance the number of fertilized eggs and maintain
an important effective population size at the local scale. Therefore, in the context of major
disturbance, habitat destruction could lead to a collapse of local populations for both species.
Furthermore, despite differences in the reproductive characteristics of the two investigated
species, their ability to disperse widely from a preserved area and reach impacted sites seems
highly limited by their low fecundity and their dispersal mode (lecithotrophy). However,
previous results suggest that P. valvatoides might be able to use organic falls as stepping

stones to disperse and recolonize an impacted area.

Finally, this study provides new data on key biological features that can feed bio-physical
models of connectivity. In addition, it highlighted that the description of reproductive biology
is not sufficient to comprehend all the mechanisms involved in the dispersion and
establishment of vent species. Indeed, the role of environmental factors, particularly ocean
currents and water column food supply, are essential factors to ensure the settlement of
dispersing larvae in newly formed habitats. Therefore, knowledge of biological features and
environmental factors associated with population genetics/genomics approaches are needed
to better understand the dispersal potential of species inhabiting chemosynthetic-based
ecosystems, and the resilience of vent communities (Hilario et al., 2015; Baco et al., 2016).
This knowledge is fundamental to define restoration actions that might be implemented to
ensure ecosystem sustainability in case of large-scale disturbances induced by mining

activities. Thus, the establishment of efficient protected areas with buffer zones and the
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deployment of artificial substrata that can act as stepping stones for vent species to recolonize

impacted areas, represent important measures to take into consideration.
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Tables

Table 1. Summary of vent sites and stations, time of sampling, number of individuals and
shell size range of all individuals of the two species used for histological analyses in this
study. Mean and standard deviation of temperature measured on each quadrat during a
year are also presented.

Species Edifice Station Date .Nur.n.ber of Shell length Temperature (°C)
individuals range (mm) (mean + sd)
Prototolira valvatoides Montségur  Cla July 2017 5 1.7-2.6 5.7+ 0.26
August 2018 5 1.9-2.7
Clacg July 2017 4 1.9-2.8 5.1 +0.08
August 2018 12 1.8-3.1
Clbcg August 2018 7 1.9-2.6 53 +0.38
C2a July 2017 3 1.7-2.7 6.6 +0.92
R1 August 2018 4 1.8-2.9 83 +1.13
Eiffel Tower ET April 2015 18 1.8-3.5 53 +0.36
Pseudorimula midatlantica Montségur  Cla July 2017 1 4.7 5.7+ 0.26
Clacg August 2018 10 4-6.5 5.1+ 0.08
Clb August 2018 3 3.6-5 51403
Clbcg August 2018 5 3.3-5.7 5.31+0.38
C2a July 2017 5 4.2-5.9 6.6 +0.92
C2bcg July 2017 2 4.6-5.3 53 +0.42
R1 July 2018 3 3.9-6.7 83 +1.13
Eiffel Tower ET April 2015 5 4.1-5.8 53 +0.36

Table 2. Matrix of p-value of the Nemenyi and Dunn multiple range test used to compare the
shell length distribution of Protolira valvatoides (up-right) and Pseudorimula midatlantica

(down-left) among the different locations. ns = not significant ; *p<0.05; **p<0.01;
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619  ***p<0.001.

Quadrat Cla Clacg Clb Clbcg C2a C2bcg R1

ns

* %k

R1 * %k %k ns ns %%k %k * %k % Kk %k _
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621 Table 3. Summary of known reproductive traits of hydrothermal vent limpets from the
622 Lepetodrilidae family. JDFR: Juan de Fuca Ridge, EPR: East Pacific Rise, MAR: Mid-Atlantic
623  Ridge.
Maximum size  Onset of .
Species Date Location of vitellogenic vitellogenesis Instantaneous fecundity References
(Mean * SD) [Max]
oocytes (um)  (um)
Lepetodrilus
fucensis Jul. 2001 JFDR 110 35-45 125.7 £121.4 [5149] Kelly and Metaxas (2007)
Jul.-Sept. 1984 140 Fretter (1988)
Lepetodrilus
pustulosus Mar. 1984 EPR 120 Fretter (1988)
Dec. 2001 84 30-35 53.9+42.3 [850] Pendlebury (2005); Tyler et al. (2008)
Apr.—May 1979 104 Berg (1985)
Lepetodrilus
elevatus Dec. 2001 EPR 84 30-35 [1800] Pendlebury (2005); Tyler et al. (2008)
Apr.—May 1979 95 Berg (1985)
Lepetodrilus.
ovalis Dec. 2001 EPR 87 30-35 27.9 + 32.6 [400] Pendlebury (2005); Tyler et al. (2008)
Lepetodrilus.
cristatus Mar.1984 EPR 150 30-35 Fretter (1988)
Lepetodrilus
tevnianus Dec.2006 EPR 210 35-40 Bayer et al. (2011)
Lepetodrilus
atlanticus Mar.—Apr. 2001 MAR 92 35-40 37.2+24.1[300] Pendlebury (2005); Tyler et al. (2008)
seudorimula.
midatlantica Apr. 2015 MAR 155 40-50 187 + 44 [327] This study
Jul. 2017 175 This study
Aug. 2018 176 This study
624
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625 Table 4. Summary of known reproductive traits of dominant species of the Lucky Strike vent
626 field. *Fecundity refers to the total number of oocytes within a female regardless of the
627 development stage while it refers to the number of vitellogenic oocytes for the other studies.
Species Reproductive - Size of vitellogenic Fecundity Larval devlopment Seasonality References

strategy oocytes (um)

Pseudorimula midatlantica  Gonochoric

Colago et al. (2006)

Bathymodiolus azoricus Gonochoric 70-80 No data Planktotrophic Seasonal Dixon et al. (2006)
Branchipolynoe seepensis  Gonochoric 250-500 100-300 Lecithotrophic Quasi-continuous  Jollivet et al. (2006)
Amphisamytha lutzi Gonochoric 150-190 > 2500 * Lecithotrophic Quasi-continuous  Blake et al. (2005)
Lepetodrillus atlanticus Gonochoric 50-92 95-300 Lecithotrophic Quasi-continuous Tyler et al. (2008)
80-176 107- 327 Lecithotrophic Quasi-continuous This study
Protolira valvatoides =~ Hermaphrodite 120- 272 4-8 Lecithotrophic Quasi-continuous This study
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Figure legends

Fig.1 A. Location of the Lucky Strike vent field on the Mid-Atlantic ridge, south of the Azores.
B. The 1 km? LS vent field with the Montségur and Eiffel Tower edifices on the south-east. C.

Location of the different sampling locations on and around the Montségur edifice.

Fig.2 Morphology of reproductive structures of Protolira valvatoides (left) and Pseudorimula
midatlantica (right). A. Dorsal view of P. valvatoides soft body. B. Ventral view of P.
midatlantica soft body. C. General view of a transversal section of P. valvatoides. D. General
view of a transversal section of a P. midatlantica female. E. Detailed view of P. valvatoides
ovary. F. Detailed view of P. midatlantica ovary. G. Detailed of P. valvatoides testis. H. Detailed
view of P. midatlantica testis. Abbreviations: ct: ctenidium; dg: digestive glands; f: foot, ov:
ovary; 0o: oogonia; pvo: previtellogenic oocyte; s: snout; st: stomach; spd: spermatid; spg:
spermatogonia; spz: spermatozoa; t: testis; vo: vitellogenic oocytes. Scale bars: A and C= 1mm;

B and D=2mm; E, F and H= 200 um; G= 50 um.

Fig.3 Mean oocyte size-frequency histograms (mean * SD) of pooled individuals of Protolira
valvatoides for each quadrat. Colors: Grey bars represent previtellogenic oocytes and yellow
bars represent vitellogenic oocytes. Abbreviations: N, number of individuals; n, number of

oocytes measured.
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Fig.4 Mean oocyte size-frequency histograms (mean * SD) of pooled individuals of
Pseudorimula midatlantica for each quadrat. Colors: Grey bars represent previtellogenic
oocytes and yellow bars represent vitellogenic oocytes. Abbreviations: N, number of

individuals; n, number of oocytes measured.

Fig.5 Box-plot of the oocyte size-distribution of the two studied gastropods Protolira
valvatoides (left) and Pseudorimula midatlantica (right) among the different samples. The
mean oocyte size is represented by a black diamond A. Boxplot showing the oocyte-size
distribution of each individual of P. valvatoides among the different samples. B. Boxplot
showing the oocyte-size distribution of each individual of P. midatlantica among the different
samples. C. Boxplot showing the oocyte-size distribution of pooled individuals of P.
valvatoides among the different samples. D. Boxplot showing the oocyte-size distribution of
pooled individuals of P. midatlantica among the different samples. Abbreviations: N, number
of individuals; n, number of oocytes measured. Multisample comparisons were performed

using the Nemenyi and Dunn test; homogeneous groups share the same letter.

Fig.6 Relationship between animal shell length and proportion of vitellogenic oocytes for each
specimen of A. Protolira valvatoides and B. Pseudorimula midatlantica among the different

samples.

Fig.7 Size-frequency distribution of shell length of A. Protolira valvatoides and B. Pseudorimula

midatlantica among the different samples. Abbreviations: n, number of individuals measured.
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677

Supplementary material

678 Table S1. Results of Kruskal-Wallis multisample tests and the Nemenyi and Dunn multiple
679 range tests comparing oocyte size distributions between individuals of the two gastropod
680 species within each sample.

. - . Number of . . . .
Species Edifice Station Date individuals Kruskal-Wallis multisample test Nemenyi and Dunn multiple range test
Prototolira valvatoides Montségur Cla July 2017 5 H=29.69, df =4, P <0.001 1/5 different

August 2018 5 H=7.87,df=4,P<0.05 2/5 different
Clacg July 2017 4 H=6.25,df=3, P <0.05 1/4 different
August 2018 12 H=153.72,df=11,P<0.001  3/12 different
Clbcg August 2018 H=70.49, df =6, P <0.001 2/7 different
C2a July 2017 H=1.23,df=2,P>0.05 -
R1 August 2018 H=13.12,df =4, P<0.05 1/4 different
Eiffel Tower ET April 2015 18 H=107.51,df=17,P<0.001 2/18 different
Pseudorimula midatlantica ~ Montséegur Cla July 2017 1 - -
Clacg August 2018 10 H=23.54,df=9, P<0.05 2/10 different
Clb August 2018 3 H=1.89,df=2,P>0.05 -
Clbcg August 2018 5 H=28.66,df =4, P >0.05 -
C2a July 2017 5 H=10.47,df=4,P<0.01 1/5 different
C2bcg July 2017 2 H=8.22,df=1,P<0.05 1/2 different
R1 July 2017 3 H=63.06, df =2, P <0.001 1/3 different
Eiffel Tower ET April 2015 5 H=40.10, df =4, P <0.001 2/5 different

681

682  Fig.S1 Mean oocyte size-frequency histograms (mean * SD) of pooled individuals of Protolira

683
684
685

686
687
688
689
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692

valvatoides for each sampling period. Colors: Grey bars represent previtellogenic oocytes and
yellow bars represent vitellogenic oocytes. Abbreviations: N, number of individuals; n, number

of oocytes measured.

Fig.52 Mean oocyte size-frequency histograms (mean + SD) of pooled individuals of

Pseudorimula midatlantica for each sampling period. Colors: Grey bars represent

previtellogenic oocytes and yellow bars represent vitellogenic oocytes. Abbreviations: N,

number of individuals; n, number of oocytes measured.

DOI of the cruises involved

SARRADIN Pierre-Marie, CANNAT Mathilde (2015) MOMARSAT2015 cruise, RV Pourquoi pas
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?, https://doi.org/10.17600/15000200

SARRADIN Pierre-Marie, CANNAT Mathilde (2017) MOMARSAT2017 cruise, RV Pourquoi pas
?, https://doi.org/10.17600/17000500

CANNAT Mathilde (2018) MOMARSAT2018 cruise, RV L'Atalante,
https://doi.org/10.17600/18000514
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