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ABSTRACT: Northwest Eifuku submarine volcano (Mariana Volcanic Arc) emits very high con-
centrations of CO, at a vent where the mussel Bathymodiolus septemdierum experiences pH as
low as 5.2. We examined how this natural setting of high pCO, influences shell, body, and repro-
ductive condition. Calcification is highly compromised: at a given shell volume, shells from NW
Eifuku weigh about half those from reference sites in the south Pacific, and dissolution of the inner
shell is evident. However, the condition indices of some NW Eifuku mussels were equal to or
higher than those from Lau back-arc basin and the New Hebrides Island Arc. NW Eifuku mussels
in pH 5.2 fluids had the highest symbiont abundances in gill bacteriocytes, probably due to
greater dissolved sulphide access. Excess energy demands imposed by high pCO, conditions
appears moderated by adequate food availability through symbiont chemosynthesis. In the sam-
ple with the lowest body condition, gametogenesis was lagging, although all mussels in high
pCO, had developing gonads and the complete gametogenic cycle was present in our samples.
Gamete development is synchronous between sexes and is possibly periodic. While mussels are
functionally dioecious, protogynous hermaphroditism can occur—a first record for the genus —
which may be an adaptation to resource availability. B. septemdierum likely makes energy allo-
cation trade-offs among calcification, body mass maintenance, reproduction and other processes
to maximize fitness. We suggest that flexibility to divert energy from shell formation, combined
with good food supply, can mitigate the manifestation of high CO, stress on B. septemdierum.
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INTRODUCTION

Uptake of anthropogenic carbon dioxide is causing
ocean acidification and a reduction in the ocean's
buffering capacity; surface pH may decline by as
much as 0.4 units by the year 2100 (Gattuso et al.
2015). Global outcomes for marine ecosystem services,
including food production, are designated at high risk
(IPCC 2014). Studies of acidification effects on organ-
isms in laboratory and mesocosm conditions report a
wide range of responses related to calcification, de-
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velopment, behaviour and physiology (Ries et al.
2009, Kroeker et al. 2010, Branch et al. 2013). Conse-
quences for calcifying organisms—mostly negative
—are particularly notable, and compromised calcium
carbonate structures have been reported from coral
reefs (e.g. Silverman et al. 2014), aquaculture (Barton
et al. 2012) and plankton (Bednarsek et al. 2014). An
additional consequence is the accumulation of excess
CO, in animal bodies. Hypercapnia is problematic in
organisms that rely on favourable tissue-to-environ-
ment gradients for CO, excretion (Michaelidis et al.
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2005, Gazeau et al. 2013). pCO, increases in the intra-
and extra-cellular compartments of the body until a
new CO, gradient can support CO, excretion (Seibel
& Walsh 2003). However, a concomitant increase in
[H*] can cause acidosis (Portner et al. 2004, Wicks &
Roberts 2012) with consequences including metabolic
depression, diminished protein synthesis and ammo-
nia excretion, leading to lower overall fitness (see re-
view by Gazeau et al. 2013). Acid-base regulation in-
volves transmembrane transport of protons (Seibel &
Walsh 2003, Portner et al. 2004), thus energy required
to maintain homeostasis in response to acidification
stress (Pan et al. 2015) is reallocated away from other
processes such as skeletal deposition (Portner 2008).
Marine molluscs show a wide range of responses to
acidification (both positive and negative) including
calcification and immune responses, or even death
(Gazeau et al. 2013). Effects on the mollusc shell re-
flect many factors including mineralogy and the abil-
ity to regulate pH at the calcification site (Ries et al.
2009). The life stage showing the most deleterious
response is the mollusc larva (Barton et al. 2012,
Gazeau et al. 2013), but studies on gametogenesis or
reproduction are rare. In an extreme setting of high
pCO, and low pH (to 5.4; Q44 ~ 0.01), bathymodio-
line mussel calcification and growth rates were half
those measured in pH above 7.8 (Quag > 1.7) (Tunni-
cliffe et al. 2009). The extent and density of mussels
on the hydrothermally active summit of NW Eifuku
volcano in the Mariana Arc (Embley et al. 2007) war-
rant a second look at how the acidic conditions may
affect other aspects of condition and fitness. Uthicke
et al. (2016) suggest field studies are important com-
plements to manipulations to support predictions
with a larger understanding of the ecological setting
in which response to acidification is manifest.
Mytilid mussels of the genus Bathymodiolus occur
at many hydrothermal vent and cold seep sites
around the world, where dense beds provide habitat
for many other species (Turnipseed et al. 2003).
Nutrition is provided mainly by intracellular bacterial
symbionts in the gills, but particulate feeding supple-
ments this energy source in many species (Fisher et
al. 1987, Page et al. 1991, Dubilier et al. 1998). Sev-
eral species were described in the genus from the
western Pacific, but here we adopt the molecular
results of Breusing et al. (2015), who classified B. bre-
vior, B. elongatus and B. marisindicus as B. septem-
dierum Hashimoto & Okutani. The resulting bio-
geographic spread from the Tongan Arc to the
Izu-Bonin Arc to the Central Indian Ridge is the
widest range reported for a vent species. Gametoge-
nesis in species with supplemented particulate nutri-

tion appears to be seasonal, suggesting that phytode-
tritus can be a cue for spawning (Dixon et al. 2006,
Tyler et al. 2007).

Condition indices that assess tissue weight to shell
volume are effective tools to assess the physiological
state of bivalves (Crosby & Gale 1990). Metabolic
adjustments to support basal maintenance costs can
deplete the carbohydrate and lipid reserves (Soko-
lova et al. 2012) in stressful conditions, including
high pCO, (Lannig et al. 2010). In Bathymodiolus,
good condition is related to optimal supply of re-
duced compounds that support endosymbiont
chemosynthesis (Fisher et al. 1988, Nix et al. 1995,
Bergquist et al. 2004). Given the high spatial and
temporal variability in venting conditions across and
within sites (e.g. Bates et al. 2013), mussels are likely
to show a large range in condition. When stressors
challenge an animal, energy allocation to mainte-
nance generally takes precedence over growth and
reproduction (Calow 1983, Sokolova et al. 2012).
However, such trade-offs may reduce the ability to
respond to additional stressors (Hochachka & Some-
ro 2002, Pan et al. 2015), ultimately leading to re-
duced fitness.

NW Eifuku volcano in the Mariana Volcanic Arc
emits the highest recorded concentrations of CO, for
seafloor vents (Lupton et al. 2006). We examined
whether this high pCO, habitat has serious conse-
quences for tissue condition in the mussels that
reflect a trade-off in resource allocation. Our objec-
tives included (1) a test of the hypothesis that expo-
sure to sustained high pCO, will result in poor body
condition, (2) an assessment of gill and bacteriocyte
characteristics, (3) a determination of whether game-
togenesis and gonadal condition are compromised,
and (4) a record of reproductive aspects of an impor-
tant foundation species that inhabits hydrothermal
vents throughout the west Pacific and Indian Oceans.

MATERIALS AND METHODS
Field sampling

Bathymodiolus septemdierum specimens were col-
lected between April 2004 and April 2016 at 3 vent
fields in the western Pacific (Table 1). Northwest Ei-
fuku is a submarine volcano on the Mariana Volcanic
Arc, northwest Pacific. At 1610 m depth, 80 m south
of the summit, Champagne Vent discharges gas-rich
fluids with H,S and liquid CO, (Lupton et al. 2006).
The resultant hydrothermal plume circulates around
the summit, sustaining a mussel bed ~10000 m? in
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Table 1. Bathymodiolus septemdierum collection site and sample characteristics; NWE: Northwest Eifuku

Preservation method

Depth No. mussels

Site coordinates Date

Expedition

Region

Site

collected

(°N, °E)

Formalin/ frozen
Formalin/ frozen

38¢

1605
1606
1561
1576
1873
2130

21.4875, 144.0414 13-Dec-14
21.4876, 144.0413

21.4875, 144.0418
21.4878, 144.0417

RR1413

NWE, Mariana Volcanic Arc

NWE One

RR1413 13-Dec-14 45°

NWE, Mariana Volcanic Arc

NWE Two

Formalin/ frozen

30
23

RR1413 06-Dec-14

NWE, Mariana Volcanic Arc

NWE Three

Formalin

10-Apr-04
13-Jul-13
25-Apr-16

SRoF'04
S0O229
FK160407

NWE, Mariana Volcanic Arc

NWE Four
Nifonea
ABE

Ethanol

-18.133, 169.517
-20.7626, 176.1918

Vate Trough, New Hebrides Island Arc
East Lau Spreading Centre, Lau Basin

Formalin

15

4Gill snips of 2 mussels were fixed in 2.5 % glutaraldehyde and 0.1 M PBS for transmission electron microscopy (TEM) analysis

extent where densities reach 250 ind. m~2 (Tunnicliffe et al. 2009). Sev-
eral visits with remotely operated vehicles over a decade confirmed
relatively stable hydrothermal flux. In April 2004, we collected mussels
from one site on NW Eifuku (NWE Four) where pH and [H,S] were de-
termined from water samples collected with a multi-chambered mani-
fold (Tunnicliffe et al. 2009). From each mussel, one valve was re-
moved, and the remaining valve and body were fixed in 7 % buffered
formalin.

In December 2014, we retrieved mussels from 3 more sites: NWE
One, NWE Two and NWE Three. At this time, pH measurements were
taken in situ using an AMT Deep Water pH sensor. At all NW Eifuku
collection sites, careful probing among the mussels detected consistent
water conditions in the immediate environment of the animals. Ship-
board, mussels were opened and weighed; an anterior gill snip from
mussels at each site was fixed with 2.5% glutaraldehyde in 0.1 M
phosphate-buffered saline (PBS) for transmission electron microscopy
(TEM) analysis. One valve was removed from each mussel, and the
remaining valve and body was either fixed in 7 % buffered formalin or
frozen at —80°C. Mussels were returned to the ship within a few hours
of collection, except for retrieval from NWE Three, when weather con-
ditions forced the vehicle and collected mussels to remain at ~1000 m
depth for 2 d. NW Eifuku collection sites were separated by a maxi-
mum of ~100 m. As time and weather constraints limited sampling, in
this study we refer to [H,S] measurements taken in similar pH and
temperature conditions in this mussel bed from a previous study (Tun-
nicliffe et al. 2009).

We compared the mussels to 'reference’ sites where evidence for
high pCO, is lacking and mussels have thicker shells. The Nifonea
field in the New Hebrides Island Arc near Vanuatu sits on a large axial
volcano in the Vate Trough. Hydrothermal activity in the northeast
sector of the summit caldera supports tubeworms, mussels and other
vent fauna (Anderson et al. 2016). Our collection site is characterized
by diffuse hydrothermal fluids emanating from pillow lavas and frac-
tures, where mussels are dense around focused venting, but are
patchy in peripheral cracks between pillow lavas. In July 2013, mus-
sels were retrieved from a diffuse vent, but no water measurements
were made. Mussels were preserved in 95 % ethanol.

Also in the southwest Pacific, the Lau back-arc basin hosts several
vent fields along the Eastern Lau Spreading Centre (Flores et al. 2012).
In April 2016, a vehicle retrieved mussels from the ABE site character-
ized by Podowski et al. (2009, 2010). Although we have no water infor-
mation from directly among the mussels, temperature was measured
over a small mass of snails, Ifremeria nautilei, that was surrounded by
the collected mussels. Both valves were removed, and the mussel body
was fixed and stored in 7 % buffered formalin.

Condition

The relationship between shell weight and volume (W:V) was
compared across collection sites using one undamaged valve from
each mussel. Any attached epifauna was removed before weighing.
Shell volume was determined as double the amount of water one
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valve could hold. Shell length was measured to the
nearest mm. Water content (as a percentage of tis-
sue mass) of NWE One, NWE Two and NWE Three
mussels was determined from wet body weights
measured prior to preservation in 7% formalin
shipboard. Body and gill condition indices were
compared among sites following methods devel-
oped by Higgins (1938). Gills were dissected from
the body, and the ash-free dry weight (AFDW) of
each component was determined after drying at
60°C and burning at 550°C in a muffle furnace.
Prior to drying, symbiotic scale worms were re-
moved from Nifonea mussels, but no such polynoids
inhabited NW Eifuku or ABE mussels. There is no
difference in body weight change between preser-
vation methods (Mills et al. 1982). Condition
indices (CI) were determined using the following
equations:

BCI = (body AFDW / shell volume) (1)
GCI = (gill AFDW / shell volume) (2)
CI = (body AFDW + gill AFDW) / shell volume (3)

where BCI and GCI are body and gill condition
index, respectively

Due to similarities between female and male condi-
tion indices, mussels of both sexes were combined for
analysis at each site.

TEM and histology

Two mussels between 100 and 130 mm in length
from NWE One, NWE Two and NWE Three were se-
lected for TEM analysis. The fixed gill snips were
rinsed in 0.1 M PBS, post-fixed in 1 % osmium tetrox-
ide, dehydrated in an ethanol series and propylene
oxide, and embedded in EMbed 812 resin. Ultrathin
cross-sections of the mid-filament region of the gill
tissue were stained with uranyl acetate and lead cit-
rate. The sections were examined using a JEOL JEM-
2100F transmission electron microscope. ImagelJ
software was then used to meas-
ure bacterial layer thickness,
symbiont diameters and symbiont

Sections of 5 mm thickness from the posterior
gonad, anterior gonad and mantle/digestive gland
were dissected from formalin-fixed mussels (Table 2).
Tissues were dehydrated in a graded ethyl alcohol
series and embedded in a JB-4 plastic resin solution.
Transverse sections of 4 pym thickness were stained
with hematoxylin and eosin. Gametogenesis was
scored according to the staging scheme of Dixon et
al. (2006) for Bathymodiolus azoricus with modifica-
tions specific to Bathymodiolus septemdierum. The
gonadal index for each site was calculated according
to Seed (1969): Gonadal index = X(no. of ind. in stage
x x x)/ no. of all staged ind., where xis the numerical
value of the stage.

Circular equivalent diameters were determined
for 40 oocytes sectioned through the nucleus in each
transverse section (totalling 120 oocytes ind.™!) to
construct oocyte size—-frequency distributions. We
calculated oocyte area from measures of longest
and shortest axes of each oocyte, then derived cir-
cular equivalent diameter. Histology for ethanol-
preserved mussels from Nifonea was not possi-
ble since ethanol did not adequately preserve cell
structures.

Statistical analysis

Shell W:V ratio, CI, GCI, oocyte size and symbiont
abundance data from each collection were assessed
for normality using the Shapiro-Wilk test. When as-
sumptions for parametric tests were not satisfied, a
non-parametric Kruskal-Wallis test was used to com-
pare across sites, and when assumptions were satis-
fied, an analysis of variance (ANOVA) was used to
compare across sites. Linear regressions were per-
formed to test the significance between % water con-
tent and CI, and GCI and BCI. Significance was des-
ignated at o < 0.05 for all data analyzed. The number
of mussels used in each analysis is summarized in
Table 2.

Table 2. Number of Bathymodiolus septemdierum specimens from each site used in
each analysis. TEM: transmission electron microscopy; NWE: Northwest Eifuku

abundance in each photographed
section. Symbiont abundance Site Shell Body and Gill Sex Histology Oocyte
was calculated by randomly se- measured gill condition TEM determination d'/¢ diameter
lecting one 25 pm? area from the NWE One 38 12 2 25 6/6 6
apical (symbiont-bearing) region NWE Two 45 12 2 30 7/5 5
of 3 bacteriocytes in each mussel, NWE Three 33 12 2 24 6/6 6
s : NWE Four 27 15 0 30 6/6 6

n rmining the proportion
and determining the proportio Nifonea 27 15 0 27 0/0 0
of area occupied by symbionts in ABE 14 9 0 15 6/2 9
the selected region.
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RESULTS
Site characteristics

The pH values across NW Eifuku collection sites
ranged from 5.22 to 7.30, and temperature was low,
averaging 2.6 + 0.1°C; pH was lower just above the
mussels, increasing downward to the value pre-
sented in Table 3. At the lowest pH, we probed sev-
eral points in the Bathymodiolus septemdierum
clump (all values <5.3), then moved the probe about
50 cm laterally to a sedimented surface with no mus-
sels; here, pH was 4.8. An H,S concentration of
101 pmol 1! was measured at NWE Four. In 2006,
mussels were collected within 10s of m of the 2014
sites where [H,S] ranged from 155 pmol 1! (pH 5.36)
to 1 pmol 1! (pH 7.29) (Tunnicliffe et al. 2009), indica-
ting that as pH decreases, dissolved sulphide in-
creases on this volcano. Low pH was manifest in the
large numbers of valves from dead mussels that con-
sisted of decaying periostracum with no calcium car-
bonate remaining. Only on the farthest margins of
the mussel bed did shells retain some white inner
surface.

No CO, bubbles were present at the Nifonea site.
Here, dead mussel shells with exposed inner aragonite
surfaces were abundant in the beds, as were other
animals with calcium carbonate skeletons such as
barnacles, serpulids and crabs; such taxa are absent
from NW Eifuku. At the ABE site, CO, in end member
fluids was comparatively low, around 3 mmol kg™
fluid (Mottl et al. 2011); in that study, pH was >7.0

A 140, e one R2- 0.67
© NWE Two 0 %4 o :
120 4 o0 NWE Three o/ o6
@ o NWE Four 000 .
< 100 -{ = Nifonea o )
g o ABE
5 80+
o)
= 60+
E
O 40
20 |
0
B 4]

Shell condition

Mussel shells from NW Eifuku weighed signifi-
cantly less than comparison sites (Kruskal Wallis: % =
97.75, p < 0.001). At a given shell volume, weights
were about half those from Lau Basin and Nifonea
(Fig. 1A). The shell W:V relationship of NW Eifuku
shells was relatively constant despite pH variability
across collection sites, with the least calcified shells
at NWE Two. The relationship between total body
AFDW and shell weight was variable across all col-
lection sites (Fig. 1B). NWE One mussels showed the
highest body to shell weight ratio of all sites; these
shells also displayed the greatest increase in volume
with length (data not shown), indicating they can
accommodate relatively more body mass at larger

around mussels in temperatures of 11 to 14°C. For our ) 12
ABE sample, temperature over the adjacent Ifremeria g 10
snails was 15.3°C (R. Beinart pers. comm.) although it E
was likely lower among the mussels. < 8-
>
g °
Table 3. Fluid characteristics at Bathymodiolus septemdierum g 4
collection sites in western Pacific Ocean. n/a: not available; e}
‘co-located’: sulphide concentration measured during sam- = P
pling; 'inferred': sulphide concentration among mussels at a
nearby location of similar pH (Tunnicliffe et al. 2009) 0

0 5 10 15 20 25

Site Temp pH [H,S] (nmol 1) [H,S] (umol I'!) Shell weight (g)

(°C) (co-located) (inferred)
Fig. 1. Bathymodiolus septemdierum specimens collected
NWE One 2.7 5.22 n/a 155 from NW Eifuku and 2 ‘reference’ sites. Open symbols: low
NWE Two 2.7 5.78 n/a n/a pH sites; closed symbols: sites with greater calcification and
NWE Three 2.6 6.98-7.30 n/a ~1 likely higher pH. (A) Relationship between shell (1 valve)
NWE Four 2.5 5.88 101 n/a volume and weight illustrating markedly lower calcification
Nifonea n/a n/a n/a n/a at a given size on NW Eifuku, and (B) relationship between
ABE 15.32 n/a n/a n/a total body ash-free dry weight (AFDW) and shell weight
showing highest body weight to shell weight ratio in NW
“Water measured above snails within 50 cm One and lowest in the ABE specimens. Lines: regressions of
these extreme relationships
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sizes. NWE Two and ABE mussels exhibited the low-
est body to shell weight ratio. We also noted signs of
post-deposition dissolution on the inner surface of
the NWE shells presenting as dull and rough. Prior
scanning electron microscopy (SEM) images showed
etched crystals (Tunnicliffe et al. 2009).

Condition indices

There was significant variation in body plus gill CIs
across sites, including among mussels at neighbouring
sites on NW Eifuku (Kruskal Wallis: y?= 48.04, p <
0.001; Fig. 2). The CI of mussels collected from NWE
One and NWE Four were significantly higher than
those of NWE Two and NWE Three (Wilcoxon rank-
sum test, p < 0.05). Despite low pH conditions at NW
Eifuku, the CI of NWE One and NWE Four mussels
did not significantly differ from Nifonea, neither did
NWE Four mussels differ from ABE (Wilcoxon rank-
sum test, p > 0.05 for both). The degree to which re-
productive tissues (gonad and mantle) contribute to
CI likely varies based on gonadal development and
fecundity, but it was not possible to excise these inte-
grated tissues to examine contribution. The mean
(£SD) % water content of NWE One, NWE Two and
NWE Three mussels was 89.7 + 2.1, 92.7 + 1.7 and
91.4 + 1.3% respectively, with a significant negative
relationship between CI and % water content (regres-

0.06 —

a [ Body
2 M Gills
0.05 — T ac
x 0.04 - l T J T
g | |
C
'é 0.03 — b b l
Lg 0.02 —
o)
O
0.01 -
0.00 -
& N
OQ & 0 Q
« e S

Fig. 2. Proportion of the condition index (CI) attributed to gill

tissue and body tissue of mussels Bathymodiolus septem-

dierum from all sites. Letters denote statistically significant

differences (p < 0.05) in gill condition index (GCI) and total

body condition index (BCI) across sites. Error bars: SD for

GCI and BCI (excluding gills). NW Eifuku has samples with
both relatively high and low condition

sion: F = 33.07, n = 36, p < 0.001; see Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/m574
p049_supp.pdf). Over 55 % of Nifonea mussels hosted
scale worms Branchipolynoé pettiboneae within the
mantle cavity — some with as many as 4 worms.

The relative contribution of B. septemdierum gills
to total body mass for the 5 samples ranged from 17
to 26 %, with highest gill contribution in NWE Two
mussels; a higher GCI coincided with a higher BCI
(regression: F = 73.07, n = 75, p < 0.001; Fig. 3). The
GCI across collection sites varied (Kruskal-Wallis:
xz =47.93, p < 0.001): mussels from NWE One, NWE
Four and Nifonea had a significantly higher GCI than
those of NWE Two, NWE Three and ABE (Wilcoxon
rank-sum test, p < 0.05). We also examined body

AFDW with respect to shell length (Fig. 4). Dry
0.06 7 A NWE One .
© NWE Two . R®=0.49
— o NWE Three '
o NWE Four . o
0.04— = Nifonea LYY\
O |
m
0.02—
0.00 T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
GCl
Fig. 3. Relationship between mussel Bathymodiolus septem-
dierum gill condition index (GCI) and body condition index
(excluding gills) is significant (Pearson correlation p < 0.05);
however, the NW Eifuku sites tend to fall below the line
o NWE One 2 R?=0.81
1.0 ©NWE Two, Three, Four RT=087 x.
"~ | X Nifonea, ABE
. R%?=0.83
R
% 0.5
TR
<
o))
o
— 0.0
o
o
-0.5 T T T T T I
40 60 80 100 120 140 160

Shell length (mm)

Fig. 4. Ash-free dry weight (AFDW) versus length shows

that NWE One is similar to the reference sites; the remaining

NW Eifuku sites tend to have more slender shells with less
body mass
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weight at a given shell length in NWE One mussels
was more similar to our reference sites, while the
remaining NWE mussels showed lower dry weight at
length.

Gill structure

Overall structure of the gills in B. septemdierum
was similar to that described in other species of the
genus (Fisher et al. 1987, Fiala-Médioni et al. 2002).
The lateral zone of the gill filament contained sym-
biont-bearing bacteriocytes and intercalary cells with
a microvilli-covered apical surface. The cytoplasm
near the apical region of the bacteriocyte was domi-
nated by vacuoles containing symbiotic bacteria.
NWE One mussels had as many as 12 bacteria vac-
uole™, which were often interconnected (Fig. 5A).
Mussels from NWE Two and NWE Three typically
had 1 or 2 bacteria vacuole™, though as many as 5 can
occur (Fig. 5B). The thickness of this bacterial layer
varied across collection sites. NWE One mussels had
the thickest bacterial layer reported in this species
(~25 pm; Fig. 5A), while that of NWE Two and NWE
Three were thinner (~12 pm; Fig. 5B). Symbiont abun-
dances differed significantly across sites (ANOVA: F=
4.11, p =0.04); symbionts from NWE One were signifi-
cantly more abundant than that of NWE Two (Tukey
test, p < 0.05) (Table 4). More images are available in
Rossi (2016). Gill symbionts were thiotrophic and the
coccoid shape of the bacteria ranged from 0.25 to
0.75 pm in diameter. Bacteria had cytoplasmic and
outer membranes typical of Gram-negative bacteria,
and lacked intercytoplasmic membranes characteris-
tic of methanotrophic bacteria.

Beneath the bacterial layer, the distal portion of
bacteriocytes contained mucus granules, a well-
defined nucleus surrounded by endoplasmic reticu-
lum, mitochondria and lysosomes (Fig. 5A). Lyso-
somal degradation of bacteria was apparent in all
mussels where membrane whorls were visible within
secondary lysosomes. Intercalary cells (Fig. 5B) were

Fig. 5. Transmission electron microscopy (TEM) images of
mussel Bathymodiolus septemdierum gills. (A) Cross-sec-
tion through several bacteriocytes of NWE One mussel
showing a broad bacterial layer and multiple bacteria within
a vacuole, and (B) cross-section through NWE Three mussel
gill where the bacteriocyte layer is narrow with fewer bacte-
ria in a vacuole. bv: bacterial vacuole; m: mitochondria; mg:
mucus granules; ly: lysosomes; er: endoplasmic reticulum; n:
nucleus; bc: bacteriocyte; ic: intercalary cell; b: symbiotic
bacteria; bl: basal lamina. Scale bar: 5 pm for both images

Table 4. Mean mussel shell length, sex, gametogenic features, and symbiont area of Bathymodiolus septemdierum from west
Pacific collection sites. NWE: Northwest Eifuku; M:F: male to female ratio; n/a: not available. See Table 2 for sample sizes

Site Mean (£SD) M:Fratio Male gonadal Female gonadal Mean (+SD) oocyte Proportion (+SD)
shell length (mm) index index diameter (pm) symbiont area

NWE One 87 + 17 1.27 5.00 4.67 41+6 0.36 + 0.06
NWE Two 109 + 12 0.30 3.86 3.60 33+8 0.29 + 0.01
NWE Three 112 + 27 0.71 4.83 4.83 40+ 6 0.29 +0.05
NWE Four 121 £ 25 0.25 2.83 2.50 33+6 n/a
Nifonea 111 + 16 0.93 n/a n/a n/a n/a

ABE 92+ 19 9.00 2.33 2.50 30«10 n/a
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small, and their ciliated apical surface was often con-
cealed because they were fully enclosed by neigh-
bouring bacteriocytes.

Size and sex ratio

Shell length distributions from all 5 sites were pre-
dominately left-skewed with a maximum length of
157 mm. The smallest average shell length occurred
at NWE One and the largest at NWE Four. All individ-
uals were sexually mature, with the smallest mussel
being a 29 mm male, and the smallest female, 73 mm.
Seventy-five percent of individuals <100 mm in
length were male while 73 % of individuals >100 mm
in length were female. Both males and females oc-
curred among the largest individuals sampled. Male
to female ratios varied among sites, and at ABE males
greatly outnumbered females (Table 4). Evidence of
sequential hermaphroditism was present only in ABE
mussels, where sex change was from female to male.
In 4 of 15 ABE mussels, residual oocytes remained in
spawning canals and around the periphery of acini in
functionally male mussels (Fig. 6). These protogynous
mussels ranged from 81 to 102 mm in length. In all
other mussels, only 1 type of gamete was present
throughout the reproductive tissues.

Gametogenesis

Oogenesis and spermatogenesis stages are sum-
marized in Table 5. In both sexes, gonad and mantle
contain acini and gonadal ducts surrounded by
interacinal tissue housing the adipogranular lipid
storage cells that eventually convert to reproductive
tissue. Acini numbers increase as gametogenesis
proceeds uniformly throughout the gonad and man-
tle. Gonadal ducts often contain residual gametes.
Most residual oocytes show signs of degradation in-
cluding a grainy appearance, close proximity to
haemocytes and disappearing nuclei; gamete degra-
dation in males is less evident. In previously
spawned individuals, residual oocytes may be pres-
ent in deflated acini or gonadal ducts (Stage 1).
Oogenesis initiates when the undifferentiated germ
cells lining the acinus give rise, by mitotic division, to
previtellogenic oocytes (Stage 2). During the subse-
quent stages (3 through 6; Table 5), oocytes enlarge
and detach from the acinus wall as the extent of adi-
pogranular tissue diminishes and spawning ensues.
After spawning, haemocytes enzymatically degrade
most of the residual oocytes (Stage 7).

Fig. 6. Histological section of gonadal tissue in protogynous

mussel Bathymodiolus septemdierum from ABE sample. (A)

Functional male with residual oocytes along the periphery of

the acinus, and (B) the same male with residual oocytes in

the gonadal duct and in the acinus. sg: spermatogonia; ro:

residual oocytes; adg: adipogranular cells; gd: gonadal duct.
Scale bar: 50 pm

Spermatogenesis begins when spermatogonia and
spermatocytes proliferate around the periphery of
the acinus (Stage 2). Progression (Stages 3 thorough
5) then relates to degrees of proliferation of sper-
matids, differentiation into spermatozoa, and forma-
tion of spermatogonia (Table 5). During spawning,
acini deflate and spermatozoa density is greatly re-
duced (Stage 6). After spawning, haemocytes de-
grade most of the residual spermatozoa (Stage 7).
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Table 5. Stages of gametogenesis in Bathymodiolus septemdierum. Adapted from staging for B. azoricus (Dixon et al. 2006)

Stage Oogenesis Spermatogenesis

la Adipogranular cells only, sexually immature Adipogranular cells only, sexually immature

1b Residual oocytes may be present in sexually Residual spermatozoa may be present in sexually mature
mature individuals within acini or gonadal ducts. individuals within acini or gonadal ducts. Most tissue
Most tissue comprised of ADG cells comprised of ADG cells

2 Initiation of gametogenesis: oogonial (previtel- Initiation of gametogenesis: proliferation of spermatogonia
logenic) stage only. Residual oocytes may be and spermatocytes around the periphery of the acinus.
present Residual spermatozoa may be present

3 Early gametogenesis: nothing beyond early Early gametogenesis: spermatocytes begin to differentiate
vitellogenesis. Residual oocytes may be present into spermatids and proliferate in lumen of acinus. Resid-

ual spermatozoa may be present

4 Late gametogenesis: late vitellogenic oocytes. Late gametogenesis: spermatids fill the lumen and are
Only basal region of the oocytes remains con- connected by cytoplasmic material that forms swirls.
nected to acinus wall. Residual oocytes may be Spermatogonia and spermatocytes only occupy periphery
present of acinus. Residual spermatozoa may be present

5 Gamete maturation: mature oocytes are released Gamete maturation: spermatids differentiate into sperma-
from acinus wall and fill acinus. The amount of tozoa and gamete density increases
adipogranular tissue is greatly reduced Amount of adipogranular tissue is greatly reduced

6 Spawning: gamete density is greatly reduced. Spawning: gamete density is greatly reduced. Gonadal
Gonadal ducts visible in the intact mantle. ducts visible in the intact mantle. Residual spermatozoa
Residual oocytes may be present may be present

7 Post-spawning: massive haemocyte infiltration Post-spawning: massive haemocyte infiltration resulting in

resulting in enzymatic degradation of residual
gametes. Parts of the mantle now appear
extremely thin, almost transparent in places

enzymatic degradation of residual. Parts of the mantle now
appear extremely thin, almost transparent in places

Timing of gametogenesis

Timing of gametogenesis is reflected in gonadal
indices and distribution of oocyte diameters summa-
rized by size—frequency histograms (Figs. 7 & S2 in
the Supplement). Approximately 40% of all meas-
ured oocytes from NWE Four and ABE samples were
residual, and non-competent, from a prior spawning
event—these large oocytes were excluded from
analysis (Fig. 7). Non-residual April oocytes were
significantly smaller than oocytes in December coun-
terparts (Kruskal-Wallis: y? = 1216.45, p < 0.01;
Wilcoxon rank-sum test, p < 0.05). Mussels collected
in December from NWE One and NWE Three had
gonadal indices that correspond to Stages 4 or 5 (late
gametogenesis/gamete maturation) and had the
largest oocytes (Fig. 8). NWE Two mussels, also col-
lected in December, lagged in development, with
gonadal indices corresponding to Stages 3 or 4 (early
to late gametogenesis); mean oocyte diameter was
~19% smaller than those at NWE One and Three.
Mussels collected in April from both ABE and NWE
Four were in the early stages of gametogenesis: go-
nadal indices correspond to Stages 2 or 3.

DISCUSSION
Habitat

On NW Eifuku, venting fluids have CO, concen-
trations as high as 2700 mmol kg™! (Lupton et al.
2006), a value 3 orders of magnitude higher than
ABE end member fluids at 6.0 mmol kg~ (Mottl et
al. 2011). To date, NW Eifuku has the highest pCO,
measured at vents. The delivery of CO, as a liquid
on NW Eifuku appears to affect its persistence in a
visible sulphur-laden plume over the volcano sum-
mit. In neither this study nor that of Tunnicliffe et al.
(2009) was fluid egress detected under the mussels,
where temperature was ambient and pH was higher
than directly above the mussels. Instead, vent fluid
is delivered laterally over the mussel bed in a man-
ner influenced by plume dynamics and distance
from Champagne Vent. Consequently, there are no
small-scale changes in local venting that mobile
mussels could exploit to escape localized conditions
that exceed tolerance limits. The only notable ‘zona-
tion' is diminishing mussel density at the edge of
the large field.
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Fig. 7. Summed mussel Bathymodiolus septemdierum oocyte

size—frequency distributions (mean + SD) for all sampling

sites: NWE One, Two, Three and Four and ABE in Lau Basin.

Hatched bars: residual oocytes. Month and year of collec-
tion are noted

In contrast, Nifonea has distinct biological zoning
similar to that described for the ABE vents: steep gra-
dients of hydrothermalism are reflected in animal
assemblage composition in which mussels occupy
patches of lesser venting (Podowski et al. 2009,
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Fig. 8. Mussel Bathymodiolus septemdierum gonadal index

corresponding to average oocyte diameter showing size in-

crease as gametogenesis proceeds. Data do not include

residual oocyte sizes. Open symbols: April collections from

NWE Four and ABE; closed symbols: December collections
from NWE One, Two and Three. Bars: SD

2010). As mussels are capable of moving (shifting
small distances), moving to less extreme conditions
can benefit stressed mussels; Nifonea imagery shows
many mussels with foot extended during a move.
Mottl et al. (2011) reported pH measurements in the
ABE mussel bed of 7.0 (18°C), 7.2 (13°C) and 7.4
(11°C); a lower pH of 6.1 occurs only in fluids over
100°C. Within about 50 cm of our ABE sample, we
saw shells with exposed calcium carbonate of dead
mussels similar to pockets of shells throughout the
field. Exposed calcium carbonate of shells was very
rare within the NW Eifuku mussel bed (Tunnicliffe et
al. 2009, this study). While a complete chemical char-
acterization is necessary to compare the sites, we are
confident that the NW Eifuku mussels experience a
more persistent environment of high pCO, and low
pH compared to those living at ABE and Nifonea.

Shell and body condition

This study confirmed that high CO, conditions on
NW Eifuku limit Bathymodiolus septemdierum shell
calcification in the very low saturation states for both
calcite and aragonite (Tunnicliffe et al. 2009). Shells
at a given volume were about half the weight of those
from Nifonea and ABE. Using the pH, temperature
and alkalinity values of mussel beds at ABE in Mottl
et al. (2011), we calculated saturation states for both
calcite and aragonite at ABE to be <0.65 (CO,Calc
programme; same constants as in Tunnicliffe et al.
2009). Yet ABE shells were highly calcified with ex-
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posed shell at the umbo, and some valves had
repairs, probably from crab attacks. These mussels
may move from damaging pH levels in the steep fluid
gradients and/or expend energy to maintain deposi-
tion and execute repair. Predator-induced shell
thickening is known to occur in several marine mol-
luscs (e.g. Appleton & Palmer 1988, Palmer 1990,
Robinson et al. 2014); the thickened shells of ABE
mussels may be a similar response to the abundant
crabs at this site.

The etched inner surfaces of NW Eifuku shells
imply that, by post-deposition dissolution, the ani-
mals moderate acidosis with shell-derived HCO5;
similar to species of Mytilus (Lindinger et al. 1984,
Michaelidis et al. 2005). Under hypercapnic condi-
tions, pH regulation in mantle epithelial cells can be
costly, and energy allocation to other fitness-sustain-
ing processes may take precedence over shell
growth and maintenance. As all NWE mussels had
similar low calcification, there appears to be no
incentive to maintain thicker shells in the higher pH
levels. However, a minimum shell thickness is re-
quired to withstand the compressive and bending
forces exerted by the muscles for shell closure. In the
absence of predators, these mussels need only to
maintain an intact periostracum by ensuring abra-
sion is minimal.

The wide range in CIs and water content reflects
physiological differences among the collection sites.
Compared to the reference sites, 2 of the 4 samples
from NW Eifuku showed no diminished overall con-
dition (measured with respect to shell volume).
Either the mussels compensated for hypercapnia and
pH, or the reference site mussels also experienced
metabolic stress, or both. Condition of Nifonea mus-
sels could be affected by the symbiotic scaleworm.
Both Britayev et al. (2007) and Takahashi et al. (2012)
determined that Branchipolynoé consume host tissue
in other Bathymodiolus associations. No polynoids
occurred in ABE mussels, yet their CIs were lower,
and the dry weight to shell weight ratio was lowest of
all samples. Here, a trade-off in energy allocation ap-
pears to benefit shell mass, perhaps analogous to the
brittle star Amphiura filiformis which increases meta-
bolic and calcification rates at the cost of muscle
wasting (Wood et al. 2008). As ABE mussels were
sampled close to measurements >15°C, they could be
near the upper limits of their temperature (Henry et
al. 2008) or sulphide (Beinart et al. 2015) tolerance. A
comparison of CIs among Bathymodiolus species
from several studies (see Table S1 in the Supple-
ment) shows B. septemdierum to have among the
lowest measured. In general, indices for B. childressi

(with methanotrophs) and B. azoricus (with thio- and
methanotrophs) are 2 to 3 times higher.

Mussels from NW Eifuku sites One and Four had
high body dry weight for a given shell weight, while
in contrast, NWE Two and NWE Three mussels
showed the poorest condition. The latter sample was
compromised by a long delay (2 d) between collec-
tion and fixation; thus, body condition and symbiont
abundance were likely diminished. The NWE Two
mussels also had the highest water content, the light-
est shells for volume and low dry tissue weights.
Given the thin shell condition, it is likely these ani-
mals must deal with sustained stress from high pCO,,
diverting energy from shell maintenance to sustain
body growth. Under high pCO, and limited food con-
ditions, Melzner et al. (2011) found that fitness-sus-
taining processes like somatic growth and reproduc-
tion take precedence over inner shell maintenance
and repair in Mytilus edulis. The lateral delivery of
the vent fluid over the mussel bed produced low
ambient temperatures that may lower metabolic
demands, but also reduce saturation states of calcite
and aragonite; thus calcification is relatively more
difficult than at a higher temperature site.

Gill symbionts

Access to reduced compounds to support chemo-
synthesis influences Bathymodiolus condition (e.g.
Smith et al. 2000). NWE One mussels had high sym-
biont abundance in a wide bacteriocyte layer where
sample location and pH levels correspond closely to
prior measures of sulphide levels well above 100 pmol
1"!. In comparison, NWE Two had low symbiont num-
bers and a narrow bacteriocyte layer. B. septemdierum
from the Central Indian Ridge had symbiont abun-
dances comparable to those at NWE One (1 to 13 sym-
bionts vacuole™, bacterial layer ~20 um; McKiness &
Cavanaugh 2005) while Dubilier et al. (1998) reported
a thin layer at ~2 pm in North Fiji Basin mussels, with
1 symbiont vacuole™!. Several studies have discussed
the flexibility of symbiont populations between vent
sites with differing chemical signatures (e.g. Riou et
al. 2008, Szafranski et al. 2015); Fujinoki et al. (2012)
found lower symbiont abundances at sulphide levels
of 0.29 compared 12.03 pmol 1. These differences
suggest that symbionts are highly sensitive to changes
in [H,S] even across one site.

Gill ultrastructure of B. septemdierum is similar to
other bathymodiolin mussels, although intercalary
cells are less common (e.g. B. thermophilus; Fisher et
al. 1987). In the ultraoligotrophic Marianas region, B.
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septemdierum may rely less on suspension feeding
and more on the transfer of organic carbon com-
pounds from endosymbionts for nutrition. We also
saw lysosomal degradation of bacterial endosym-
bionts as observed by Fiala-Médioni et al. (1986),
which has been described as an additional method of
obtaining energy from symbionts (Ponnudurai et al.
2017). Food supply through a large symbiont popula-
tion probably supports calcification and gonad pro-
duction in B. septemdierum, as suggested for sea
urchins at high pCO, sites in the Mediterranean
(Uthicke et al. 2016).

The compromised inner shell layer indicates a pro-
cess similar to that in Mytilus galloprovincialis, which
buffers haemolymph pH through shell dissolution
(Michaelidis et al. 2005). As in the Mytilus study, NW
Eifuku mussels showed diminished growth rates, as
measured by daily growth bands (Tunnicliffe et al.
2009). Although growth was slower, the NWE One
mussels showed a high AFDW: length ratio— similar
to the reference sites— which was achieved through
‘plumper’ shells with less surface area (= calcium
carbonate) for a given length. It is unlikely that meta-
bolic depression was initiated as reported elsewhere
(e.g. Guppy & Withers 1999, Poértner et al. 2004,
Gazeau et al. 2013) because all NW Eifuku mussels
were undergoing gametogenesis and overall condi-
tion did not appear highly compromised.

Reproductive mode

B. septemdierum is functionally dioecious, but the
presence of residual oocytes in functional males is
evidence of protogynous hermaphroditism — the first
noted for the genus. In contrast, Le Pennec &
Beninger (1997) reported protandry in the same spe-
cies from the North Fiji Basin, where female gametes
appeared in spent male acini. Thus, sequential her-
maphroditism is bi-directional in B. septemdierum.
Male to female transition also occurs occasionally in
B. thermophilus (Berg 1985) and B. azoricus (Dixon et
al. 2006). Manifestation of gender can have a strong
environmental component; males may dominate in
poor environmental conditions because sperm pro-
duction is less energetically expensive than egg gen-
eration (Russell-Hunter 1979). Lower body and gill
condition in the heavily male-biased ABE mussels
suggests that habitat-induced stress favours a switch
to males. Maturation size in B. septemdierum differs
between sexes, with males as small as 29 mm where-
as the smallest female was 73 mm in length. Our
smallest hermaphrodites were over 80 mm, indica-

ting that sex change did not happen until after
female maturation size.

Gametogenesis

Bathymodiolus does not appear to divert energy
from gonad maintenance under high pCO, condi-
tions in all circumstances. With one exception, NW
Eifuku mussels showed no marked evidence of com-
promised reproductive condition, such as premature
spawning and poor physical gonadal condition. Mus-
sels from NWE Two lagged NWE One and Three in
oocyte development. As body, gill and shell condition
were also lowest here, high pCO, probably lowered
several aspects of fitness in this sample. Other indica-
tors of high pCO, effects such as markedly reduced
gonads (in sea urchins, Siikavuopio et al. 2007),
reduced fecundity (in shrimp, Kurihara 2008) or
failed spawning (in carpet clam, Range et al. 2011)
were not evident.

Gametogenesis in B. septemdierum is similar to
that described for B. azoricus (Dixon et al. 2006) and
B. childressi (Tyler et al. 2007), although our staging
scheme noted the presence of residual or effete
gametes. Gonadal indices and oocyte size-frequency
distributions provided evidence of discontinuous
gametogenesis despite limited samples: mussels col-
lected in April were in early stages of gametogenesis
while December mussels were in later stages. In ad-
dition, males and females in a sample were strongly
synchronized. Variation in stages among individuals
from neighbouring sites may represent ‘leaky’ repro-
duction, whereby smaller spawning events occur
around the central event.

Both B. azoricus and B. childressi show synchro-
nized gametogenesis, with spawning occurring
loosely around the time phytodetritus from surface
production arrives at the seafloor (Dixon et al. 2006,
Tyler et al. 2007). Phytodetritus may have little role in
B. septemdierum nutrition in the northern Mariana
region, where primary productivity borders on ultra-
oligotrophic as measured in March 2010 (Suntsov &
Domokos 2013). Le Pennec & Beninger (1997) re-
ported discontinuous spermatogenesis in B. septem-
dierum from the North Fiji Basin in an oligotrophic
region (Lemasson et al. 1990), whereas Dubilier et al.
(1998) reported isotopic evidence of multiple carbon
sources in mussels at North Fiji. But another signal
may cue reproduction: tidal rhythms in both fluid
output and in ambient currents are well-known to
influence the behaviour of vent animals (e.g. Tunni-
cliffe et al. 1990, Cuvelier et al. 2014, Lee et al. 2015)
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including B. septemdierum, which shows a tidal
record in shell growth increments (Schone & Giere
2005). Resuspended organics may provide the addi-
tional food source and possibly a cyclic cue in spring/
neap tides. As with other vent and seep species, B.
septemdierum reproductive patterns may reflect
phylogenetic history (Tyler & Young 1999).

Trade-offs

Our expectations that the high pCO, environment
on NW Eifuku would diminish mussel body condition
and compromise gametogenesis were not met over
all samples. The sample with the lowest pH (5.2) was
also that with the most abundant gill bacteriocytes —
likely because of higher sulphide access. Body condi-
tion was equal to, or greater than, reference sites in
all but one sample, and reproductive tissues were
healthy with gametogenesis reaching final stages.
However, the stressful conditions were apparent in
poorly calcified shells, low growth rates (Tunnicliffe
et al. 2009) and some animals with lower body con-
dition with respect to shell size. B. septemdierum
appears to trade off energy allocation among shell
formation, reproduction and probably acid-base
moderation. The lack of brachyuran predators on
NW Eifuku allows the species to maintain a minimal
shell compared to other sites. Where dissolved sul-
phide is higher, excess energy demands imposed by
high pCO,/low pH conditions appear alleviated by
adequate food availability through symbiont chemo-
synthesis: high dissolved sulphide supports dense
bacterial symbionts in the gills of mussels close to
fluid supply. Carbon fixation through hydrogen oxi-
dation occurs in the thiotrophic symbionts of B.
puteoserpentis from the Mid-Atlantic Ridge (Peter-
sen et al. 2011); in an acidic environment, hydrogen-
based metabolism may be a potential mechanism for
energy acquisition in B. septemdierum, though this
was not investigated in this study. In the larger con-
text of ocean acidification, it is evident that good
nutrition delays onset of measurable stress.

B. septemdierum has the broadest biogeographic
range reported for hydrothermal vent species (Breu-
sing et al. 2015), with a depth range from 1100 m
(Monowai) to 3800 m (Mariana Trough). The species
survives at temperatures from 2 to 18°C, at ZH,S to
300 pmol 17! (Henry et al. 2008) and at pH values
down to 5.22. It is very likely that extremes in any of
these variables will reduce the fitness of individuals;
but the animal can compensate in many ways,
including (1) alternative nutrition sources, (2) bacte-

riocyte expansion to take advantage of dissolved sul-
phide availability, (3) energy diversion from or to
shell maintenance, (4) sex switching in both direc-
tions to adapt to energetic costs and (5) a reproduc-
tive mode that optimizes synchronous development
among neighbours but may adapt to local conditions.
Other factors that support its competitive success
include a long life span (Schéne & Giere 2005, Tunni-
cliffe et al. 2009) and mobility to follow local fluid
changes. It likely has a long-range larva similar to
that of B. childressi (Arellano et al. 2014), thus can be
effective in metapopulation maintenance and inva-
sion of new vent sites. The energy trade-offs that
must occur in this species to support robust gonad
development along with adaptations to a wide range
of habitat conditions likely play strong roles in secur-
ing its broad biogeographic range.
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