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Abstract
Alvinocaridid shrimps are endemic and globally widespread in chemosynthetic ecosystems such as hydrothermal vents and 
hydrocarbon seeps. Though the biology of Atlantic alvinocaridid species have received considerable attention, little is known 
about their Pacific relatives. Here we described population structures and reproductive biology of three Pacific alvinocaridid 
species—Shinkaicaris leurokolos, Opaepele loihi, Alvinocaris longirostris—with notes on a fourth species—A. dissimilis—
from several chemosynthetic ecosystems around Japan and compared their size frequency distributions and reproductive 
outputs. We showed that population demographics differ among these species, including a significantly larger proportion of 
juveniles in O. loihi and spatial variation of sex ratio in S. leurokolos, but all shared sex ratios biased toward females. The 
three shrimp species were characterized by relatively small sizes at onset of maturity, although this varied among sites for 
A. longirostris. Overall, size-specific fecundities and egg volumes of A. longirostris, O. loihi and S. leurokolos were in a 
similar range to Atlantic alvinocaridids. In addition, we performed egg incubation experiments of O. loihi under different 
temperature conditions to characterize thermal physiology during its brooding period. This confirmed a strong influence of 
temperature on both brooding duration and hatching rate, with a thermal preference that differs from previously published 
data for A. longirostris and S. leurokolos. Finally, our results indicated that these alvinocaridid species from the northwestern 
Pacific likely differ in reproductive timing, either through distinct brooding durations and/or distinct brooding periodicity, 
although further investigations are required to confirm these patterns.
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Introduction

Deep-sea chemosynthetic ecosystems fueled by geofluids, 
such as hydrothermal vents and hydrocarbon seeps, consti-
tute lush and isolated hotspots of high biomass and ende-
micity, but relatively low faunal diversity compared with 
other deep-sea habitats (Van Dover and Trask 2000). These 
environments are typically unstable and ephemeral, par-
ticularly hydrothermal vents where fluid activity at a given 

location is intermittent and can often cease within decadal 
timescales (Van Dover 2019). The persistence of endemic 
species over successive generations is greatly interlinked 
with their ability to disperse and colonize these dynamic 
and patchy habitats (Vrijenhoek 2010; Mullineaux et al. 
2018). Like most marine invertebrates (Cowen and Spo-
naugle 2009), many specialized fauna from vents and seeps 
exhibit a biphasic lifecycle with a larval phase connecting 
the different benthic populations. Demographic structures of 
populations at a given site thereby result from the number 
of competent larvae reaching and settling there—depend-
ing on the likelihood of a successful settlement—and any 
mortality events occurring between successive life stages 
(Kelly and Metaxas 2007). Consequently, any environmental 
factors or life-history traits affecting one of these steps have 
implications on population sizes and connectivity between 
populations. A thorough knowledge of biological traits gov-
erning the demography and connectivity of vent and seep 
endemic species is not only essential for understanding the 
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mechanisms shaping their biogeography but also for draft-
ing efficient conservation strategies (Van Dover et al. 2018; 
Danovaro et al. 2020; Gollner et al. 2021), within a context 
of imminent deep-sea mining scheduled to take place within 
the next few years (Miller et al. 2018).

Widely distributed in vents and seeps across the globe, 
shrimps in the family Alvinocarididae are restricted to che-
mosynthesis-based ecosystems (Lunina and Vereshchaka 
2014; Zbinden and Cambon-Bonavita 2020), often dominat-
ing faunal assemblages (Nye et al. 2013; Hernández-Ávila 
et al. 2022; Methou et al. 2022a). In most studied cases, 
these species exhibit high connectivity across large dis-
tances along mid-oceanic ridges (Teixeira et al. 2012, 2013; 
Beedessee et al. 2013; Zhou et al. 2022) or between back-arc 
basins (Thaler et al. 2014; Yahagi et al. 2015) indicating pos-
sible high realized dispersal potentials. In characterizing life-
history traits linked to dispersal capability, observations of 
first zoea stages in four alvinocaridid species have revealed 
an atypical combination of morphological characteristics 
suggesting an early lecithotrophic phase with an extended 
larval development (Hernández-Ávila et al. 2015). This early 
lecithotrophy is followed by a planktotrophic phase in the 
late larvae, as indicated by their carbon and sulfur isotopic 
ratios as well as the composition of the lipid storages in their 
juveniles that differed from the typical chemosynthetic sig-
nature found in adults (Pond et al. 1997; Stevens et al. 2008; 
Methou et al. 2020). Whether these larvae are transported by 
currents in bottom water, mid-water, or surface water during 
their dispersal phase remains contested (Methou et al. 2020). 
As for most decapods, alvinocaridid shrimps maintain eggs 
below their abdomen but a variety of brooding cycles can 
be seen in the family, including seasonal patterns in some 
species and aperiodic brooding along the year in others like 
Mirocaris fortunata (Ramirez-Llodra et al. 2000; Methou 
2019). Among the seasonal breeders, some shrimps’ repro-
duction cycles follow variations of sinking photosynthetic 
particles, such as Alvinocaris stactophila from the Gulf of 
Mexico (Copley and Young 2006). Conversely, reproductive 
cycles of R. exoculata and R. kairei from the Atlantic and 
Indian oceans revealed a more unusual periodicity, restricted 
between January and early April in both the northern and the 
southern hemispheres, and thus unlinked to surface produc-
tion (Methou et al. 2022b).

Similar to other chemosynthetic endemic groups such as 
Bathymodiolus mussels (Husson et al. 2017) and Kiwa ‘yeti 
crabs’ (Marsh et al. 2015), alvinocaridid shrimps also display 
complex demographic patterns with small-scale spatial segre-
gation between their different benthic life stages. This includes 
distinct nurseries habitats for early juvenile conspecifics of 
alvinocaridids at Atlantic hydrothermal vents, which occupy 
cooler thermal niches than their adult stages (Hernández-Ávila 
et al. 2022; Methou et al. 2022a). Brooding females, on the 
other hand, have been observed both within adult aggregations 

in close vicinity to the hot vent fluid emissions for R. exocu-
lata, R. kairei, and R. hybisae (Nye et al. 2013; Methou et al. 
2022b, a), or preferentially at the center of the brine pool seep 
site for A. stactophila, less exposed to stronger hypoxic and 
sulfidic conditions from the peripheral fluid emission zones 
(Copley and Young 2006). However, most of our knowledge 
is based on Atlantic species and significant gaps remain about 
the lifecycle ecology of alvinocaridids from other regions.

In the Northwest Pacific, five alvinocaridids species 
have been reported in different chemosynthetic ecosystems 
around Japan: Shinkaicaris leurokolos and A. dissimilis in the 
Okinawa Trough, Opaepele loihi in the Izu-Bonin-Mariana 
(IBM) Arcs, and Alvinocaris longirostris and Alvinocaris 
marimonte across both regions (Nakajima et al. 2014; Wata-
nabe et al. 2019; Brunner et al. 2022). Additionally, A. lon-
girostris also inhabits hydrocarbon seeps in Sagami Bay and 
South China Sea (Li 2015; Yahagi et al. 2015; Ke et al. 2022). 
Populations of these species differed in their genetic structure, 
with a greater genetic diversity in S. leurokolos compared to 
the other species, but also in their small-scale distribution at 
hydrothermal vent sites, with a segregation between A. lon-
girostris in cooler areas and S. leurokolos closer to hot fluid 
emissions (Yahagi et al. 2015). Hatching incubation experi-
ments with egg masses under different temperature conditions 
also revealed similar thermal preferences for brooding and lar-
val stages in these two species (Watanabe et al. 2016).

Here, we investigated demographic structures and repro-
ductive biology of three of these alvinocaridid species inhab-
iting hydrothermal vent and hydrocarbon seep sites—S. 
leurokolos, O. loihi, A. longirostris—with notes on a fourth 
one, A. dissimilis, by comparing their size-frequency distri-
butions and their reproductive outputs determined as fecun-
dities and egg volumes. Our study addresses the following 
questions: (1) what are the reproductive traits, such as size-
specific fecundities and egg volumes, of alvinocaridids from 
the Northwest Pacific? (2) Is there significant variation in 
population structures and reproductive traits of alvinocaridid 
among distinct sampling sites or among distinct assemblages 
from the same sampling site? (3) Does reproductive traits 
and population structures of Northwest Pacific alvinoca-
ridids differ from vent shrimps inhabiting other regions? 
Additionally, we performed incubation experiments of O. 
loihi egg broods under different thermal conditions to com-
pare with our previous study of alvinocaridid species from 
the same region (Watanabe et al. 2016).

Materials and methods

Field sampling

Alvinocaridid shrimps were collected between 2005 and 
2022 during eight cruises surveying hydrothermal vents in 
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the Okinawa Trough (Sep 2010, Jan 2014, Jul–Aug 2015, 
Oct 2015, Nov 2015, Nov–Dec 2016, and Aug 2017), six 
cruises to vents on the Izu-Ogasawara Arc and the Off Hat-
sushima seep in Sagami Bay (Aug 2019, Mar 2022, Feb 
2021, Sept 2021, May–Jun 2022 and Feb 2022) and one 
cruise on the Ryukyu Arc (May 2005). For detailed informa-
tion of sampling localities, see Fig. 1 and Table S1. In total, 
22 spatially discrete samples of shrimps were collected from 
seven vent fields in the Okinawa Trough as well as three 
samples from two vent fields on the Izu-Ogasawara Arc, 
three samples from the Off Hatsushima hydrocarbon seep 
within the Sagami Bay and one sample from the Kuroshima 
Knoll methane seep on the Ryukyu Arc (Fig. 1).

Shrimps were taken from faunal assemblages using suc-
tion samplers mounted on the Remotely Operated Vehicles 
(ROV) Kaiko, Hyper-Dolphin, or KM-ROV or the Human 
Operated Vehicle (HOV) Shinkai 6500. At the Suiyo Sea-
mount, temperature of the assemblages where the shrimps 
were collected were measured using a RINKO stand-alone 
dissolved oxygen/temperature probe (RINKO I, JFE Advan-
tech, Japan) for 3 min. Upon recovery on-board the research 
vessels, specimens were sorted by species from the rest of 
the vent fauna and stored in either 99% EtOH or 10% buff-
ered formalin.

Identifications and measurements of shrimps

For each shrimp, the carapace length (CL) was measured 
with a vernier caliper from the posterior margin of the eye 

orbit to the posterior margin of the carapace, with an esti-
mated precision of 0.1 mm. Each individual was identified 
and sorted by sex according to the shape of the endopod of 
the first pleopod and the occurrence of the appendix mas-
culina on the second pleopod in males (Komai and Segonzac 
2005). Since juveniles (i.e. immature individuals) could not 
be distinguished morphologically from mature females, indi-
viduals with a CL smaller than the smallest recorded male 
of each species (Table 1) were categorized as juveniles in 
our analyses.

Shrimp species from newly collected localities with no 
published records (Higashi-Aogashima, Suiyo Seamount, 
and Kuroshima Knoll) and small Alvinocaris juveniles 
were subjected to DNA barcoding to confirm their identity. 
Genomic DNA was extracted from pieces of muscle with the 
DNeasy Blood & Tissue kit (Qiagen) following the manu-
facturer’s instructions. To avoid amplification of potential 
mitochondrial pseudogenes, Cari-COI-1F and Cari-COI-1R 
primers, specifically designed for alvinocaridids, were used 
(Methou et al. 2020). Amplification was performed in 25 µl 
reaction mixture containing 10.5 µl of RNAse free  H2O, 
12.5 µl of 2 × Premix ExTaq HS buffer (TaKaRa Bio Inc.) 
containing the dNTP mix and Ex Taq DNA polymerase, 
0.5 µl of each primer at 10 µM, and 1 µl of shrimp’s DNA. 
Thermal cycling parameters used an initial denaturation at 
95 °C for 5 min, followed by 35 cycles at 95 °C for 1 min, 
50 °C for 1 min, 72 °C for 2 min and a final 10 min exten-
sion cycle at 72 °C. Amplicons were sequenced by Sanger 
sequencing on both strands by FASMAC Corporation 

Fig. 1  Map of sampling locali-
ties for the five alvinocaridid 
species analysed in this study
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(Kanagawa, Japan). To check the species identity, each 
individual sequence was blasted against the NCBI database.

Identification of reproductive status 
and measurements of eggs

Reproductive status of females was defined in non-ovigerous 
and ovigerous females following published methods (Nye 
et al. 2013), with ovigerous females including both brood-
ing females bearing egg broods under their abdomen and 
hatched females that have recently released their larvae 
but still retained modified pleopods, indicative of a recent 
brooding status. For each brooding female, the total num-
ber of eggs was manually counted and 30 eggs per brood 
were randomly selected to measure the egg diameters. Vol-
umes of eggs were estimated following a published method 
(Hernández-Ávila et al. 2022), considering a spheroid vol-
ume v = 4

3
π.r

1
.r
2

2
 , where r1 and r2 are half of maximum 

and minimum axis of each egg, respectively. Embryonic 
and post-embryonic stages, seen through the transparent 
envelope of eggs, were classified in three developmental 
stages (early, mid, late) according to Methou et al. (2022b). 
Females with hatched or damaged broods were not included 
in our reproductive analyses (egg number, egg volumes, and 
egg stages).

Culture experiment of O. loihi egg broods 
under different temperature conditions

Among 103 ovigerous females of Opaepele loihi collected 
from Suiyo Seamount in August 2019, ten individuals were 
still alive following recovery on-board and kept in a cold-
water tank at 4 °C. All parent shrimps died within 16 days 
after the collection event. All eggs were removed from the 
female pleopods and transferred to 10 mL of cold (4 °C), 
0.22 µm filtered seawater. The eggs were separated in several 
batches (up to 5) comprised of 18 to 20 eggs brooded by the 
same individual, and placed in a series of incubators with 
temperatures set to 5 °C, 10 °C, 15 °C, 20 °C, and 25 °C, to 
examine temperature effect to the survival and hatching rates 
of the eggs. Among the ten egg masses, only three hatched 
under our rearing conditions to enable comparison of devel-
opment under different brooding temperatures.

Each batch of eggs was kept in a 13.5-mL glass bot-
tle, washed three times with filtered seawater (pore 
size = 0.2 μm) and filled with 10 mL of filtered seawater, half 
of which was exchanged every two to three days (three times 
per week). Conditions of the eggs were observed under a ste-
reo microscope (Olympus SZX7) at each seawater exchange 
and their survival rates and hatching rates were recorded. As 
their exoskeleton was transparent and their movement was 
easy to observe, larval death was assessed when individu-
als were observed to be unresponsive after stimulation, and 

when their yolk reserves (yellow to orange in color) were 
depleted. We considered the larvae as hatched when they 
were found out of their egg envelopes.

Statistical analysis

Alvinocaridid shrimps were grouped first by species and 
then either by sex/reproductive status or by sampling locali-
ties. Due to sampling limitation and for statistical purposes, 
only populations with more than 10 individuals per locali-
ties per sampling period were included for analyses of size-
frequency distribution and with more than 40 individuals 
for cohort analyses. Similarly, analyses of fecundities, egg 
volumes, and egg stage proportions could not be performed 
for A. dissimilis due to the limited available sample size of 
their ovigerous stages.

Visual examination of our dataset and Shapiro–Wilk 
normality tests revealed that the size (i.e., carapace length: 
CL), egg number, and egg volumes of alvinocaridids devi-
ated from the normal distribution. Non-parametric tests 
were, therefore, used for intergroup comparison with a 
Mann–Whitney test when two groups were compared, or a 
Kruskal–Wallis test followed by post-hoc Dunn tests when 
three or more groups were compared. Frequencies of males 
and females in groups were tested for significant variation 
from a 1:1 sex ratio using a χ2 test with a Yates correction 
for 1 df. Relationships between  loge-transformed realized 
fecundity and  loge-transformed carapace length of the dif-
ferent shrimp groups were assessed using Spearman rank-
order correlations. Groups with less than five individuals 
were excluded from statistical analyses. Cohort analyses 
were realized using the ‘mixdist’ R package (Macdonald and 
Du 2012) following the same method used by Methou et al. 
(2022a). In brief, size-frequency histograms were plotted 
with a 1-mm-size class interval, following criteria defined by 
(Jollivet et al. 2000). Modal decompositions, fitted to these 
histograms, were considered as valid according to the χ2 
test from the ‘mixdist’ package. Components of the modal 
decomposition were defined as the proportion (%), the mean 
CL size (µ) and the standard deviation of the CL size (σ) of 
a defined cohort. All analyses were performed in R v. 4.1 (R 
Core Team 2020).

Results

Size‑frequency distributions

Population structures of the four alvinocaridid shrimp 
species from hydrothermal vents and hydrocarbon seeps 
around Japan clearly differed in several aspects (Fig. 2). 
Body size variations were observed among populations 
from distinct sampling years and sites for S. leurokolos 
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(Kruskal–Wallis H = 69.53, p < 0.001; Table 1) as well as 
for A. longirostris (Kruskal–Wallis H = 166.7, p < 0.001). 
Specifically, S. leurokolos populations from Daisan Kume 
in 2016 and Gima Knoll in 2015 were significantly smaller 
than those from other vent fields (Dunn’s Multiple Compari-
son Test, p < 0.001), whereas A. longirostris from Tarama 
Knoll in 2015 were significantly smaller than populations 
from any other sites (Dunn’s Multiple Comparison Test, 
p < 0.001). In addition, A. longirostris populations from 
Sakai in July–August 2015 were larger than populations 
from Futagoyama, Tarama Knoll (both in 2015 and 2017) 
and Daisan Kume in 2016 (Dunn’s Multiple Comparison 
Test, p < 0.001). Variations in size between A. longirostris 
populations from the same site but sampled at different peri-
ods were also found both at Tarama Knoll between 2015 and 
2017 and at Sakai between July–August 2015 and November 
2015 (Dunn’s Multiple Comparison Test, p < 0.001).

For both S.  leurokolos  and A. longirostr is 
(Kruskal–Wallis, S. leurokolos: H = 71.02, p < 0.001; A. 
longirostris: H = 31.87, p < 0.001) females were signifi-
cantly larger than males (Dunn’s Multiple Comparison 
Tests, p < 0.001). Ovigerous females of S. leurokolos 
were only significantly larger than males (Dunn’s Multiple 
Comparison Test, p < 0.001), whereas ovigerous females 
of A. longirostris were significantly larger than both males 
and non-ovigerous females (Dunn’s Multiple Comparison 
Tests, p < 0.001). Despite these sizes variations, the small-
est recorded adults were of similar sizes for all species 
(Table 1), at CL 4.9 mm for Opaepele loihi, CL 4.5 mm 
for Shinkaicaris leurokolos, CL 4.8 mm for Alvinocaris 
longirostris, and CL 4.0 mm for Alvinocaris dissimilis.

Fig. 2  Size-frequency distribution of the four alvinocaridid shrimps investigated, denoting sexes and reproductive stages: A Opaepele loihi B 
Shinkaicaris leurokolos C Alvinocaris longirostris. D Alvinocaris dissimilis 
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Cohort analyses

The MIX modal decomposition of O. loihi from Suiyo 
revealed two distinct cohorts, with the first cohort includ-
ing nearly 3/4 of the total population (Table 2 & Fig. S1A). 
The S. leurokolos population from Iheya North in 2014 were 
composed of three cohorts ((Table 2 & Fig. S1B), whereas 
A. longirostris populations from Sakai in 2015 were in two 
distinct cohorts (Table 2 and Fig. S1C). These populations 
had limited proportion of individuals in their first cohorts (S. 
leurokolos from Iheya North in 2014: 13.8%; A. longirostris 
from Sakai in Jul–Aug 2015: 6%) or showed equilibrated 
proportions between the two cohorts. Two populations—S. 
leurokolos from Iheya North in 2013 and A. longirostris 
from Tarama Knoll in 2015—followed a normal distribution 
with a single cohort detected by the MIX analysis.

Life stage and sex ratio distributions

Large variations in the proportions of males and females 
were also observed in the alvinocaridid species (Fig. 2; 
Table 1). Sex ratio of O. loihi from Suiyo was signifi-
cantly female-biased (χ2 = 22.94, p < 0.001). Samples of 
S. leurokolos were either biased toward females at Iheya 
North in 2013 and 2014 (2013: χ2 = 51.07, p < 0.001; 2014: 
55.78, p < 0.001), toward males at Daisan Kume and Gima 
knolls (Daisan Kume: χ2 = 5, p < 0.001; Gima Knoll: 8.33, 
p < 0.001) or did not deviate significantly from 1:1 at Izena 
Hole (χ2 = 0, p > 0.05). The sex ratios of A. longirostris 
were clearly female-biased at Sakai and Izena Hole (Sakai: 
χ2 = 22.51 and 41.67, p < 0.001; Izena Hole: χ2 = 14.44 
p < 0.001), only slightly biased at Daisan Kume in 2015 
(χ2 = 4.45, p < 0.05) or exhibited equilibrated proportions of 
males and females at Daisan Kume in 2016, Tarama Knoll, 
and Futagoyama (χ2 = 0.5–3.9, p > 0.05; see Table 1.).

Moreover, marked spatial variations in sex ratio of S. 
leurokolos could be observed among sampling events from 
the Iheya North field in February 2014 (Table 3) with two 
female-biased samples (χ2 = 14.92 and 62.08, p < 0.001) 
and two male-biased samples (χ2 = 18, p < 0.001; χ2 = 3.86, 

p < 0.05). Conversely, most sampling events of A. longiro-
stris from Sakai exhibited sex ratio biased toward females 
(χ2 = 5.44–21, p < 0.001; see Table 3) with only one sam-
ple in August 2015 that did not deviate significantly from a 
1:1 sex ratio (χ2 = 3, p > 0.05). Additionally, the population 
structure of O. loihi exhibited a striking difference from the 
others in that the juvenile individuals dominated, constitut-
ing 71.9% of the sampled population, whereas juveniles 
were scarce in the other three species—representing at most 
29.4% of the Tarama Knoll population of A. longirostris.

The alvinocaridid species differed also in the types of 
colonized faunal assemblages (Fig. 3 and Table S1). While 
Shinkaicaris leurokolos were restricted to chimney surfaces 
near active venting or in close vicinity of Shinkaia crosnieri 
squat lobsters (Fig. 3A) in Okinawa Trough vents, A. lon-
girostris were found in all types of assemblage sampled, 
including chimney surfaces (Fig. 3B), tubeworm bushes 
(Fig. 3D and F), mussel beds (Fig. 3E), and sponge colonies 
(Fig. 3G). Both O. loihi and A. dissimilis were restricted to a 
single assemblage type: mussel beds for O. loihi and sponge 
colonies for A. dissimilis, although their sampling was more 
limited, as they were only collected during one and three 
sampling events, respectively.

Reproductive stage proportions

Our samples provide some information for understanding the 
reproductive seasonality (or the lack of it) in the four spe-
cies examined. A large number of Opaepele loihi ovigerous 
females were collected in August 2019 at Suiyo, with 103 
ovigerous individuals representing 43.8% of all the females 
collected at this vent field (Fig. 2A). Similarly, substantial 
numbers of S. leurokolos ovigerous females were collected 
in November 2013 and February 2014 at Iheya North, with 
20 and 10 ovigerous individuals representing 37% and 6.8% 
of all the females collected at this vent field for each cruise, 
respectively. A. longirostris ovigerous females were found 
in every vent fields of the Okinawa trough except Futagoy-
ama (see Table S1), in a period comprised between July and 
December (2010–2016) (6–19 females; Fig. 2 and Table 1). 

Table 2  Cohort analyses of alvinocaridid shrimps from hydrothermal vent fields off Japan

Proportion (%), mean and SD of each modal components were estimated from their size-frequency distributions. −: not applicable

Species Sampling site Sampling period Cohort 1 Cohort 2 Cohort 3

% µ σ % µ σ % µ σ

Opaepele loihi Suiyo Seamount August 2019 72.9 4.3 0.4 27.1 5.5 0.9 – – –
Shinkaicaris leurokolos Iheya North November 2013 100 7.1 0.5 – – – – – –

February 2014 13.8 5.2 0.8 84.8 7.1 0.7 1.4 12.0 0.02
Alvinocaris longirostris Sakai July–August 2015 6.0 7.3 0.4 94.0 12.1 1.8 – – –

November 2015 52.3 5.8 0.7 47.6 10.0 1.7 – – –
Tarama Knoll October 2015 100 4.8 1.0 – – – – – –
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These ovigerous females represented between 15.2 and 
36.4% of all A. longirostris females for Sakai and Tarama 
Knoll vent fields, respectively. Furthermore, a large propor-
tion of A. longirostris ovigerous females was also found at 
the Off Hatsushima seep in the Sagami Bay both in February 
2021 and 2022, but not in May 2022.

Fecundities and sizes at first reproduction

The realized fecundity of O. loihi and A. longirostris cor-
related positively with carapace length (Spearman’s correla-
tion: O. loihi: r = 0.74, p < 0.0001; A. longirostris: r = 0.85, 
p < 0.0001) but not for S. leurokolos (Spearman’s correla-
tion: S. leurokolos: r = 0.25, p > 0.05) (Fig. 4A.). A mean egg 
number of 185 eggs per broods was observed for O. loihi, 
193 eggs for S. leurokolos and 1081 eggs for A. longirostris. 
Overall, size-specific relative fecundities ranged from 10.2 
to 49.2 eggs  mm−1 for O. loihi, from 3.1 to 51.8 eggs  mm−1 
for S. leurokolos and from 19.4 to 181 eggs  mm−1 for A. lon-
girostris (Fig. 4B.). Large differences in size-specific fecun-
dity were observed among the three species (Kruskal–Wallis 
H = 79.38, p < 0.001), with significantly greater size-spe-
cific fecundities in A. longirostris Dunn’s Multiple Com-
parison Test, p < 0.001) but similar size-specific fecundities 
between O. loihi and S. leurokolos (Dunn’s Multiple Com-
parison Test, p > 0.05). These variations disappeared when 
individuals from a similar size range were compared (A. 
longirostris from Tarama Knoll: CL = 6.44 ± 2.38 mm; S. 
leurokolos from Iheya North: CL = 7.16 ± 0.41 mm; O. loihi 
from Suiyo: CL = 6.02 ± 0.64 mm), with similar size-specific 
fecundities between A. longirostris from Tarama, S. leurok-
olos from Iheya North and O. loihi from Suiyo (Dunn’s 
Multiple Comparison Test, p > 0.05). Similarly, large dif-
ferences in size-specific fecundities of A. longirostris among 
the localities (Kruskal–Wallis H = 23.508, p < 0.001) were 
mostly related to variations in body size, with a smaller size-
specific fecundity in A. longirostris from Tarama compared 
to the other sites and slightly higher size-specific fecundity 
in A. longirostris from Iheya North compared to most sites, 
except at Daisan Kume Knoll (Dunn’s Multiple Compari-
son Tests, p < 0.001). Due to their limited sampling, statis-
tical comparisons could not be performed for A. dissimilis, 
although they appeared to fall in the same range of relative 
fecundity as O. loihi and A. longirostris with 18.2 to 27.3 
eggs  mm−1 (131 eggs per brood in average) (Fig. 4A).

The observed size at the first reproduction (i.e., the small-
est recorded ovigerous females) was also very similar among 
the four alvinocaridid species, ranging between 4.4 mm CL 
for A. dissimilis and 5.3 mm CL for A. longirostris (Table 1). 
Notably, the smallest ovigerous females of A. longirostris 
showed a large size variation across sampling sites, ranging 
between 5.3 mm CL at Tarama Knoll and 10.3 mm CL at 
Izena Hole.Ta
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Egg stage proportions and egg volumes

Eggs within the same brood were found to exhibit synchro-
nous development and were all at the same stage of develop-
ment (early, mid, or late). However, there was no evidence of 
synchrony among broods of different females from the same 
sampling event (Fig. 4C). The majority of O. loihi broods 
collected at Suiyo in 2019 were at an early stage (52 broods; 
53.6%) or a medium stage (40 broods; 41.2%), but there 
were also a limited number of late-stage broods (5 broods; 

5.2%). Similarly, all S. leurokolos broods collected at Iheya 
North in 2013 and 2014 were at an early developmental 
stage (20 and 10 broods, respectively; Fig. 4C). Broods of 
A. longirostris from Okinawa vents were also mostly at early 
and mid-stages (17 broods and 18 broods, respectively), with 
only three late-stage egg broods found at Tarama Knoll. In 
contrast, samples of A. longirostris from Off Hatsushima 
collected at almost a one-year interval showed clear differ-
ences in egg stage proportions, with only early and mid-
stages egg broods found in February 2021 (6 broods in total) 

Fig. 3  Overview of the different 
assemblages from hydrother-
mal vent fields and seeps off 
Japan where alvinocaridid 
shrimps could be collected. A 
Aggregation of Shinkaicaris 
leurokolos near vent fluid exits 
at the Yokosuka site, Okinawa 
Trough. B Alvinocaris longiro-
stris on chimney rocks in close 
vicinity with Shinkaia crosnieri 
squat lobsters at the Daisan 
Kume Knoll, Okinawa Trough. 
C Opaepele loihi within a 
Bathymodiolus septemdierum 
mussel bed at Suiyo Seamount, 
Izu-Ogasawara Arc. D Alvino-
caris spp. on a tubeworm bush 
at Sakai field, Okinawa Trough. 
E Alvinocaris longirostris on a 
mussel bed at Futagoyama field, 
Okinawa Trough. F Alvino-
caris longirostris hidden in a 
tubeworm bush at the Off Hat-
sushima seep, Sagami Bay. G 
Alvinocaris longirostris within 
a branching sponge colony at 
Tarama Knoll, Okinawa Trough
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and only mid- and late-stage egg broods in February 2022 
(8 broods in total; Fig. 4C).

Differences in egg volumes were observed among the 
three alvinocaridid species—O. loihi, S. leurokolos, and A. 
longirostris—for each stage of development (Kruskal–Wallis 
tests; early: H = 30.95, p < 0.001; mid: H = 27.33, p < 0.001; 
late: H = 8.64, p < 0.01), with larger egg volumes for A. 
longirostris compared to both O. loihi and S. leurokolos 
(Dunn’s Multiple Comparison Test, p < 0.001) (Fig. 4D). 
In contrast, no significant variations in egg volumes were 
found among populations of A. longirostris from different 
sampling sites (Kruskal–Wallis tests; early stage: H = 8.24, 
p > 0.05; late stage: H = 7.4, p > 0.05), except for mid stage 
broods (Kruskal–Wallis H = 13.93, p < 0.001) with slightly 
larger egg volumes for A. longirostris from Off Hatsushima 
compared with those from Daisan Kume and Izena Hole 
(Dunn’s Multiple Comparison Tests, p < 0.05).

Incubation experiments of Opaepele loihi

Eggs and larvae of Opaepele loihi exhibited negative buoy-
ancy. The carapace of hatched O. loihi larvae was filled with 
orange yolk and lacked a prominent rostrum (Fig. 5A). The 
mean larval sizes were 0.76 ± 0.04 mm of carapace length 
(CL) and 2.40 ± 0.22 mm for total length (n = 20). Eyes were 
sessile with a red pigment spot in their center.

Incubations of O. loihi egg masses at 5 °C were the clos-
est to thermal conditions encountered by the brooding indi-
viduals in their habitat, where we measured a mean tem-
perature of 5.2 ± 0.4 °C with peaks at 6.2 °C in the mussel 
bed where specimens were collected (Fig. 5B). However, 
hatching rates were the highest under 10 °C and 15 °C for 
the three egg broods whereas none of the eggs hatched under 
25 °C and only a few at 20 °C (Fig. 5C). Although most egg 
masses survived at 5 °C until the end of the experiment, 

Fig. 4  Comparison of reproductive features between alvinocaridid 
species from hydrothermal vents fields off Japan. n: number of indi-
viduals for each condition. A Variation of  loge-transformed minimum 
realized fecundity with  loge-transformed carapace length. B Fecun-

dity corrected for body size (carapace length). C Proportions of each 
egg developmental stages. Numbers within the plots indicates the 
number of broods per developmental stages. D. Egg volumes at dif-
ferent stages
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Fig. 5  Culture experiment of Opaepele loihi egg broods under differ-
ent temperature conditions. A Hatched larva of O. loihi in dorsal and 
sagittal view. B Temperature measurement within the habitat of O. 

loihi brooding females. C Survival and hatching rates of egg masses 
from three brooding individuals (OL1, OL5 and OL7) under different 
thermal conditions (colors)
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only a few egg masses of OL1 hatched at this temperature. 
Timing of hatching was congruent with embryonic stages 
characterized at the beginning of the experiment, with earlier 
hatching for late-stage egg broods (OL1, early larval struc-
tures) compared with egg broods at an earlier developmental 
stage (OL5, early gastrulation; OL7, multicellular stage). 
Variations were seen between the temperature treatments, 
with shorter survival periods and shorter hatching rate in 
the warmer conditions (Fig. 5C).

Discussion

Four alvinocaridid species with contrasting 
population structure

Alvinocaridid shrimps from chemosynthetic ecosystems 
around Japan exhibited contrasting population structures 
among the three studied species. Whereas O. loihi popula-
tion from Suiyo Seamount stood out by a clear dominance 
of juveniles, only a very limited number of these early life 
stages could be collected for S. leurokolos and A. longiro-
stris. Nonetheless, the three species all tended to exhibit 
sex ratios biased towards females, as generally seen in other 
alvinocaridid shrimps (Copley and Young 2006; Nye et al. 
2013; Hernández-Ávila et al. 2022; Methou et al. 2022a).

Considering our limited sampling for each given site, 
we cannot exclude the possibility that these disequilibrated 
sex ratios and the scarcity of juvenile stages in Shinkaicaris 
leurokolos and Alvinocaris longirostris populations may 
be related to spatial segregation between life stages within 
different areas of the vent or seep sites. Our results indi-
cate clear spatial variations between sexes in S. leuroko-
los populations from Iheya North among distinct sampling 
events. Differential distribution of males and females have 
been repeatedly reported for several crustaceans inhabiting 
deep-sea vents and seeps (Copley and Young 2006; Marsh 
et al. 2015; Hernández-Ávila et al. 2022; Methou et al. 
2022a), agreeing with the biases seen in our results. These 
spatial segregations are generally associated with variable 
environmental parameters, with males being preferentially 
distributed in the hottest part of the vent fields in Kiwa tyleri 
yeti crabs (Marsh et al. 2015), closer to sulfidic extremes in 
Alvinocaris stactophila shrimps (Copley and Young 2006), 
or away from the vent fluid activity in Rimicaris exoculata 
(Hernández-Ávila et al. 2022; Methou et al. 2022a). Similar 
observations could not be established among S. leurokolos 
samples from Iheya North and further environmental char-
acterization of their habitat would be required to under-
stand if spatial distributions of the two sexes in this species 
are also associated with flux in environmental parameters. 
Segregation between juveniles and adults is also known 
from alvinocaridid species in the genus Rimicaris from the 

Mid-Atlantic Ridge where juveniles aggregate at specific 
nurseries habitats at the periphery of their adult populations 
(Hernández-Ávila et al. 2022; Methou et al. 2022a). This 
was true for both Rimicaris exoculata whose adults inhabit 
live near hot, vigorous fluid emissions and R. chacei inhab-
iting cooler areas around mussel beds. Nevertheless, these 
demographic patterns are in contrast with those observed 
in O. loihi population from Suiyo, for which both sexes and 
juvenile stages were all found mixed within the same sam-
pling location.

Distinct mortality rates between adult and juveniles and/
or between sexes is another potential factor that may lead to 
the observed differences in demographic structures among 
alvinocaridid species. For instance, a strong collapse of R. 
chacei population following recruitment attributed to high 
juvenile mortality due to size-specific predation and/or com-
petitive processes with R. exoculata, a co-occurring alvino-
caridid species (Methou et al. 2022a), has been suggested to 
cause a population structure similar to the O. loihi popula-
tion structure seen herein. Variations in larval supply, either 
in term of timing or number of larval settlers, may also exist 
among the four species investigate here, as suggested by the 
observed differences in their reproductive traits.

An early maturity but similar reproductive traits 
than other alvinocaridids

The four alvinocaridid species from the northwestern Pacific 
were gonochoric and exhibited sexual dimorphism, con-
sistent with all other alvinocaridid species studied to date. 
Overall, they were characterized by small sizes at maturity 
(i.e. sizes of their smallest ovigerous females) which were 
similar to their minimum sexable sizes or even sizes of their 
smallest recruits (minimum juvenile sizes). This is in strik-
ing contrast with most previously examined alvinocaridids 
from the Atlantic and Indian oceans, which exhibit greater 
difference between the observed minimum size of oviger-
ous females (R. exoculata: 12 mm, R. chacei: 11.8 mm, R. 
kairei: 18.1 mm) and the sizes of their smaller adults (R. 
exoculata: 10 mm, R. chacei: 5.98 mm, R. kairei: 10 mm) 
(Nye et al. 2013; Methou et al. 2022a, b). Size at first matu-
rity is often considered a key life-history trait generally pro-
portional to the maximum body size and reflects the repro-
ductive investment of a species (Anger and Moreria 1998). 
These Pacific alvinocaridids may, therefore, have higher 
reproductive investment than species from other regions, 
although this should be confirmed with metabolic budget 
modeling (Gaudron et al. 2021). This trend was most clearly 
observed for Alvinocaris longirostris with significant dis-
parities between sizes at onset of maturity and minimum 
sexable sizes among its different populations. We note that 
similar sizes variations were also found in Rimicaris hybisae 
across different sites (Nye et al. 2013), implying conspecific 
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populations of alvinocaridids could mature at different sizes 
and differ in their reproductive investment.

Despite wide variations in average body sizes of their 
ovigerous stages, A. longirostris, O. loihi and S. leuroko-
los exhibited similar size-specific fecundities, ranging from 
10.2 to 49.2 eggs  mm−1 for O. loihi, from 3.1 to 51.8 eggs 
 mm−1 for S. leurokolos and from 19.4 to 181 eggs  mm−1 
for A. longirostris. This trend was even clearer when ovi-
gerous females of O. loihi or S. leurokolos were compared 
with those of A. longirostris from Tarama Knoll which were 
of similar sizes. No variations could be seen either in the 
fecundities of A. longirostris from the Off Hatsushima seeps 
and those from hydrothermal vents at similar size ranges. 
Previous studies of alvinocaridid shrimps have emphasized 
the possible influence of feeding strategies on fecundities 
in addition to body size (Methou et al. 2022b), with over-
all lower size-specific fecundities in fully chemosymbiotic 
species compared with species that have a mixotrophic diet 
(Nye et al. 2013; Methou et al. 2022b). Although there is 
currently limited knowledge on the feeding strategies of alvi-
nocaridids from chemosynthetic ecosystems around Japan, 
we observed O. loihi individuals grazing bacterial mats cov-
ering Bathymodiolus septemdierum mussels (supplementary 
video material S1), suggesting either full bacterivory or a 
mixed diet for this species. These observations are also con-
sistent with stable isotopic ratios and lipid compositions of 
O. loihi populations from distinct vent sites on the Mariana 
Arc (Stevens et al. 2008). Additionally, A. longirostris was 
characterized as grazers/scavengers in a Manus Basin vent 
study according to their isotopic ratios (Van Audenhaege 
et al. 2019). As O. loihi and A. longirostris exhibited similar 
size-specific fecundity to other mixotrophic alvinocaridid 
like R. chacei (Methou et al. 2022b), our results give further 
support to the hypothesis that fecundities in alvinocaridid 
shrimps could be partially driven by their feeding strategies 
and thus the availability of food supply for each species. 
Additional information on the diet of S. leurokolos across 
size ranges and life stages is required to understand if they 
fit within this framework as well.

Our results also indicated significant differences in egg 
volumes between the two species, with slightly larger egg 
volumes for A. longirostris compared to O. loihi of simi-
lar embryonic stages. Although these variations remain 
limited, these observations indicate that the egg size of A. 
longirostris is large among alvinocaridid shrimps while O. 
loihi egg sizes are among the smaller ones in the family 
(Ramirez-Llodra and Segonzac 2006; Copley and Young 
2006; Nye et al. 2013; Methou et al. 2022b). However, 
these variations in egg sizes among species do not appear 
to be reflected in the size of their first zoea larval stages, 
with the O. loihi hatched larva exhibiting carapace sizes or 
total sizes similar to those seen in R. exoculata or M. for-
tunata hatched larva (Hernández-Ávila et al. 2015) despite 

larger mean egg sizes than O. loihi for these two species 
(Ramirez-Llodra et al. 2000; Methou et al. 2022b). There-
fore, these similar sizes of hatched larvae in all alvinoca-
ridids examined so far, with also similar yolk reserves, 
indicate that they probably all undergo an early lecitho-
trophic phase followed by an extended larval development 
(Hernández-Ávila et al. 2015). This suggests that the egg 
size may have limited feasibility in estimating the dispersal 
capability in this group.

Egg incubation experiment confirmed the strong influence 
of temperature on brooding duration and hatching rate of O. 
loihi egg masses, as previously observed in S. leurokolos 
and A. longirostris (Watanabe et al. 2016), other vent spe-
cies (Pradillon et al. 2001), and decapods from other ecosys-
tems (Tong et al. 2000; Brillon et al. 2005; García-Guerrero 
2010). This influence of temperature on these parameters is 
species-specific in alvinocaridids, with successful hatchings 
between 5 °C and 15 °C for A. longirostris and above 10 °C 
for S. leurokolos (Watanabe et al. 2016). Our experiments on 
O. loihi egg broods revealed an intermediate response, with 
successful hatchings at 10 °C and 15 °C but nearly no hatch-
ing at 5 °C or at conditions above 15 °C. Since these species 
occupy different thermal niches in their habitat (Yahagi et al. 
2015), it can be assumed that they display distinct brooding 
durations in their natural environment. Thus, the distribution 
of S. leurokolos ovigerous stages in warmer areas close to 
venting orifices could result in a faster egg development and 
shorter brooding durations than O. loihi and A. longirostris 
inhabiting more peripheral and colder areas within the vent 
field. Nonetheless, the near absence of hatching at 5 °C for 
O. loihi in the incubation experiments was unexpected given 
that these thermal conditions were the closest to those meas-
ured during sampling within their mussel bed habitat. It is 
possible that this one-shot temperature measurement does 
not represent the full thermal range experienced by O. loihi 
ovigerous females, which could move occasionally toward 
warmer habitats during their brooding phase. Additional 
biases could also have arisen from the absence of pressure 
in our experimental design to reproduce the environmental 
conditions experienced by O. loihi at hatching (138.5 bar 
for populations from Suiyo, 1380 m depth). Previous larval 
rearing experiments of M. fortunata inhabiting similar depth 
revealed a combined effect of temperature and pressure on 
larva survival, with different survival success according to 
depth for a set temperature (Tyler and Dixon 2000). Since 
all hatched larvae of O. loihi were unable to swim in our 
laboratory experiments, it is possible that they were physi-
ologically impacted, though they were able to actively move 
their thoracic appendages. Additional in situ measurements 
around O. loihi ovigerous females and further egg incuba-
tion experiments using pressure chambers will be needed to 
better explore this apparent discrepancy between our results.
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Perspectives on reproductive timing 
of alvinocaridid shrimps: when and how long?

By precisely characterizing the developmental stages of the 
egg masses at the start of our incubation experiment, it was 
possible to obtain a first estimation of the brooding dura-
tion for Opaepele loihi. These durations were defined by 
determining the timing when most larvae hatched—the point 
when hatching rates reached a plateau—at 10 °C. Given that 
the experiment at 5 °C was unsuccessful (6 out of 50 in one 
brood and none in the other hatched), the 10 °C condition 
was the closest successful experiment condition to the natu-
ral habitat temperature(around 5–6 °C) (Fig. 6A). This gave 
a total duration of approximately 79 days from the multicel-
lular stage before gastrulation until larval hatching. This, 
therefore, implies a duration of about 63 days from the nau-
plius stage (mid stage) and 53 days from the appearance of 
the first larval structures (late stages). Although incomplete 
with the timing preceding the blastula missing, this brood-
ing duration is relatively short in comparison with other 
decapods incubated in similar thermal ranges (Tong et al. 
2000; Brillon et al. 2005; García-Guerrero 2010). Our data 
also suggest that even in the case of continuous reproduc-
tion throughout the year, each female O. loihi shrimp cannot 

have more than four broods per year under similar thermal 
conditions.

Although our dataset did not allow us to precisely deter-
mine brooding cycles, we could still investigate hypothe-
ses on the reproductive periodicity of alvinocaridids from 
Okinawa Trough vents and a Sagami Bay seep by summa-
rizing the occurrence of ovigerous females in our samplings 
(Fig. 6B and C). The repeated presence of ovigerous stages 
in most of our samples suggests an aperiodic brooding cycle 
throughout the year in A. longirostris (Fig. 6B). In contrast, 
collecting events of S. leurokolos ovigerous females were 
mostly limited to November and January with a limited 
number of these reproductive stages outside this period of 
the year (Fig. 6C). Although oocyte size-frequency distri-
bution among individual S. leurokolos within samples did 
not appear to follow a periodic reproductive pattern, these 
results on the occurrence of their ovigerous stages suggest a 
possible periodicity of their brooding phase. Similar incon-
sistencies were already observed in R. exoculata, which 
exhibits lacks synchronicity for their gametogenesis phase 
(Ramirez-Llodra et al. 2000; Copley et al. 2007) but dis-
plays a periodicity for their brooding phase between Janu-
ary and April (Hernández-Ávila et al. 2022; Methou et al. 
2022a). Additional sampling of alvinocaridid shrimps across 

Fig. 6  Perspectives on the 
reproductive periods and the 
brooding duration of alvino-
caridids shrimps inhabiting 
chemosynthetic ecosystems 
around Japan A. Duration of the 
embryonic development esti-
mated by rearing experiments at 
10 °C B. Diagram summarizing 
the occurrence of reproductive 
stages of Alvinocaris longi-
rostris according to the year 
period. C. Diagram summariz-
ing the occurrence of repro-
ductive stages of Shinkaicaris 
leurokolos according to the year 
period
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different seasons of the year is required to confirm these 
reproductive patterns suggested by the results of the present 
study.

Updated geographical distribution with range 
extensions

Two new localities are reported for A. dissimilis, previously 
known only from the Minami Ensei vent field (Komai and 
Segonzac 2005), at the Kuroshima Knoll methane seep and 
the Higashi Aogashima vent field, consistent with a distribu-
tion restricted to relatively shallow sites (641–750 m depth) 
although these were separated by large distances (between 
585 and 1280 kms with the closest site). The vent crab Gan-
dalfus yunohana was once thought to be only found on the 
IBM Arc but one individual with no genetic differentiation 
was later found in an Okinawa Trough vent (Watanabe et al. 
2020). Its rarity in Okinawa was implied to be a result of 
low larval supply and perhaps a lack of reproductive popu-
lation. The COI sequence of the A. dissimilis from Higashi 
Aogashima field and the Kuroshima Knoll were identical 
with many individuals from the Minami Ensei vent field 
(Yahagi et al. 2015), suggesting high genetic connectiv-
ity. Since 11 individuals were collected from Higashi 
Aogashima, this suggests reproductive populations are pre-
sent at both Okinawa and Izu-Ogasawara for this species, 
unlike G. yunohana. The two species may disperse at differ-
ent depth layers or have very different dispersal capabilities.

The reported distribution of O. loihi was also extended to 
Suiyo Seamount on the IBM Arcs, 630 km north of its pre-
vious northernmost record at Nikko Seamount (Komai and 
Tsuchida 2015). Combining with previous records of alvino-
caridid shrimps in the northwestern Pacific (Nakajima et al. 
2014; Watanabe et al. 2019; Brunner et al. 2022), this sug-
gests that the genus Alvinocaris is widely distributed across 
both vents and seeps in Okinawa Trough, Sagami Bay, and 
IBM Arcs, while Shinkaicaris is limited to Okinawa Trough 
vents and Opaepele is restricted to the IBM Arc vents. These 
new records also reveal that A. dissimilis are not endemic 
to vents but can inhabit other chemosynthetic ecosystems 
such as methane seeps, as seen in a few other Alvinocaris 
species such as A. longirostris (Yahagi et al. 2015) or the 
A. muricola/A. markensis species complex (Teixeira et al. 
2013; Pereira et al. 2020).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00227- 023- 04221-4.
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