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ARTICLE INFO ABSTRACT

Alvinocaridid shrimp occurring in dense assemblages close to vigorously venting orifices are characteristic of
many vent fields on the Mid-Atlantic Ridge, Central Indian Ridge, and Mid-Cayman Rise. Episymbiotic bacteria
of these shrimp are exposed to vent fluids enriched in inorganic nutrients (carbon dioxide, sulfide) that, together
with dissolved oxygen in the surrounding seawater, sustain autotrophic growth and supply nourishment to the
shrimp. Enigmatically, conspecific shrimp may also be found sparsely distributed in the periphery of a vent field,
where there is little visual evidence of vent fluid flux. We tested the null hypothesis that nourishment sources
were identical for the central (dense) and peripheral shrimp assemblages, using gut content and stable isotope
analyses. Rimicaris hybisae were sampled from central and peripheral assemblages at the Von Damm Vent Field
(Mid-Cayman Rise). Guts of centrally aggregated shrimp contained a white material inferred to be bacteria, while
peripheral individuals contained this white material and/or pieces of crustacean exoskeletons. C, N, and S iso-
topic compositions of shrimp muscle tissues were significantly different between central and peripheral shrimp
assemblages, and little overlap in isotopic space was found. A comparison of 5'3C and &3S values of gut contents
and abdominal tissues revealed that abdominal tissue composition reflects the shrimp’s source of nourishment.
Slight but significantly elevated 5'°N values in peripheral shrimp, together with crustacean exoskeleton frag-
ments in the gut, suggest facultative carnivory in peripherally aggregated shrimp. The lower §'3C and §*S values
in individuals from the peripheral assemblages are also consistent with a mixotrophic diet. We conclude that
central and peripheral assemblages of R. hybisae have different nourishment sources, with central assemblages
relying on episymbionts, while peripheral assemblages have diverse nourishment sources comprising bacteria
and Crustacea.
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1. Introduction

Although the existence of chemoautotrophic pathways had been
suggested in the 1880s (Winogradsky, 1887), the importance of
chemosynthetic bacteria as the base of entire food webs only became
evident with the discovery of deep-sea hydrothermal vents and the
high-biomass faunal communities around them (Cavanaugh et al., 1981;
Corliss et al., 1979; Lonsdale, 1977). Free-living as well as symbiotic
bacterial communities use the energy from oxidation of reduced com-
pounds in the hydrothermal fluids (e.g. Hy, HoS, CHy) to fix CO; into
organic carbon.

* Corresponding author.

Along the ultra-slow spreading Mid-Cayman Rise (MCR), two hy-
drothermal vent fields were discovered in 2010: the Piccard Vent Field,
the world’s deepest at ~4960 m, and the shallower Von Damm Vent
Field at ~2300 m (Connelly et al., 2012; German et al., 2010). The
Piccard Vent Field is located in the rift valley of the MCR with high
temperature (354-398 °C) black smoker venting and some diffuse
venting at lower temperatures (111 °C). Von Damm is an off-axis vent
field, located on the upper slopes of an oceanic core complex, with
high-temperature (232 °C) diffuse venting (Kinsey and German, 2013).

At both sites, dense aggregations of the alvinocaridid shrimp Rimi-
caris hybisae occur, occupying 100% of rock surfaces several layers thick,
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around actively venting orifices (Fig. 1a; Connelly et al., 2012; Nye
et al., 2012; Plouviez et al., 2015). At Von Damm we observed that
peripheral to the dense aggregations and away from active venting, the
same species occurs much more sparsely distributed, covering less than
10% of the rock surface (Fig. 1b). The dense aggregations around active
venting are hereafter referred to as “central assemblages”, the sparse
aggregations away from active venting are hereafter referred to as
“peripheral assemblages”.

R. hybisae exhibits high spatial variability in sex ratios, population
structure, size, and development of oocytes and embryos, which is
probably caused by environmental variables and might be related to the
observed central/peripheral distributions (Nye et al., 2013b). Central
assemblages at Von Damm and Piccard have a female-biased sex ratio.
However, when ovigerous females were excluded, there was no signif-
icant deviation from a 1:1 sex ratio (Nye et al., 2013b).

Similarly, central and peripheral assemblages have been described
for the related Mid-Atlantic Ridge (MAR) species Rimicaris exoculata,
which can be considered an analog for R. hybisae at MCR. Copley et al.
(1997) suggested that dense assemblages reflect local availability of
substratum exposed to the flow of hydrothermal fluids. In contradiction
to R. hybisae, it has been found that in R. exoculata females dominate
dense swarms near active venting, while males are sparsely distributed
in the periphery (Hernandez-Avila et al., 2022; Methou et al., 2022;
Vinogradov and Vereshchaka, 1995).

R. hybisae has an enlarged cephalothorax harboring episymbiotic
bacteria, on which it predominantly relies for its organic carbon (Nye
et al., 2012; Streit et al., 2015). The bacterial communities are different
between Von Damm and Piccard, but similar to free-living bacterial
profiles of the local environment (Assié, 2016). R. hybisae at Von Damm
has similar bacterial population profiles as R. exoculata at Logatchev
(MAR), possibly reflecting the geochemical and physical similarity of
the sites (ultramafic, depth + 2500 m; Assie, 2016).

Biology of R. exoculata has been extensively discussed in Zbinden and
Cambon-Bonavita (2020). This species is considered a primary con-
sumer (Segonzac et al., 1993) and was initially thought to graze on
bacteria associated with minerals of black-smoker chimneys (Van Dover
et al., 1988). It is now clear that R. exoculata harbors various types of
symbiotic bacteria in its enlarged gill chambers, on its mouthparts, and
in its gut (Colaco et al., 2007; Durand et al., 2009; Jan et al., 2014; Polz
et al., 1998; Ponsard et al., 2013; Zbinden and Cambon-Bonavita, 2003;
Zbinden et al., 2008). These epibionts provide the major food source for
R. exoculata, rather than free-living bacteria on chimney walls (Gebruk
et al., 2000; Pond et al., 1997; Rieley et al., 1999). The epibiont bacteria

la.
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use various chemoautotrophic pathways, such as iron, sulfide and
methane oxidation, and potentially hydrogen oxidation (Hiigler et al.,
2011; Petersen et al., 2011; Zbinden et al., 2008). A few publications
report additional potential food sources for R. exoculata. Segonzac et al.
(1993) found parts of Crustacea in a R. exoculata stomach, and ascribed
this to accidental ingestion of a copepod while grazing on bacterial mats.
Ponsard et al. (2013) found that the R. exoculata acquires dissolved
organic carbon from their epibionts by permeation across the gill
chamber integument. Apremont et al. (2018) suggested Rimicaris chacei
(discussed hereafter) acquires some of its organic carbon the same way.

According to genetic markers, R. hybisae is most closely related to the
MAR species Rimicaris chacei and might even belong to the same species
(Plouviez et al., 2015; Teixeira et al., 2013; Vereshchaka et al., 2015).
R. chacei, however, may occupy a slightly different niche than R. hybisae;
it occurs only in peripheral populations away from active vents and
acquires food by scavenging or predation, while also depending on
episymbiotic bacteria (Apremont et al., 2018; Gebruk et al., 2000;
Methou et al., 2020, 2022). R. chacei has microbial communities in the
same locations as R. exoculata (mouthparts, gill chamber and gut),
consisting of a variety of bacterial groups, closely related to those in
R. exoculata (Apremont et al., 2018; Cowart et al., 2017; Durand et al.,
2009, 2015; Zbinden and Cambon-Bonavita, 2003; Zbinden et al.,
2008).

Stable isotopes of carbon (6'3C values) and nitrogen (5'°N values)
are useful tools in determining trophic positions and disentangling food
webs. Generally, an animal’s tissues are enriched by about 1%o in 5'3C
values and about 3.4%. in 8'°N values relative to its diet (DeNiro and
Epstein, 1978; Minagawa and Wada, 1984). Sulfur stable isotopic
compositions (§%*S values) have been less studied, but also appear to be
slightly enriched with each trophic step (McCutchan et al., 2003). In
chemoautotrophic ecosystems, 534S values are generally lower for thi-
otrophs than for other groups, e.g. methanotrophs (Vetter and Fry,
1998).

Several studies have examined stable isotopic compositions in four
Rimicaris species (Table 1). Within a species, stable isotopic composi-
tions are found to differ between vent fields (Colaco et al., 2002; Gebruk
etal., 2000). Vereshchaka et al. (2000) compared central and peripheral
assemblages in R. exoculata and found that the peripheral individuals
had lower 8'>C values and higher 5'°N values than the central shrimp.
They attributed the difference to ontological changes from juveniles
(peripheral) having a greater photosynthetic source of diet than the
central, adult population, which is dominated by chemosynthetic
nourishment. Such ontogenetic shifts in nourishment source and

Fig. 1. a. Central assemblage of R. hybisae on the Von Damm spire; b. Peripheral assemblage of R. hybisae at Von Damm; scale bars are 10 cm. Pictures taken during
the R/V Atlantis Oases 2012 cruise by the ROV Jason, Woods Hole Oceanographic Institution.



Table 1

Published stable isotope values of body tissues of adult specimens for 4 species in the genus Rimicaris.

Species Location  Field Tissue type 5'%C (VPDB) 5!°N (AIR) 52%S (VCDT) Reference
Min Max Mean SD n Min Max Mean SD n Min Max Mean SD n

Rimicaris chacei MAR Broken Muscle —14.54 —13.96 —14.25 0.41 2 7.59 1 Colaco et al. (2002)
Spur

Rimicaris chacei MAR Broken Abdominal muscle —13.61 -13.02 -1332 042 2 7.98 800 7.99 0.01 2 Gebruk et al. (2000)
Spur

Rimicaris chacei MAR Broken 20 whole -13.9 20 Vereshchaka et al.
Spur individuals (2000)

Rimicaris chacei MAR Logatchev Abdominal muscle —13.28 1 7.71 1 Gebruk et al. (2000)

Rimicaris chacei MAR Lucky Muscle -16.14 -12.32 1455 122 12 294 6.46 488 1.39 6 Colaco et al. (2002)
Strike

Rimicaris chacei MAR Lucky Abdominal muscle -15.14 -11.67 -13.47 122 9 475 7.31 6.04 089 9 Gebruk et al. (2000)
Strike

Rimicaris chacei MAR Snake Pit Abdominal muscle —13.44 1 8.03 1 Gebruk et al. (2000)

Rimicaris chacei MAR Snake Pit Abdominal muscle -19.00 -11.40 -15.67 2.08 18 430 870 6.50 1.24 18 4.2 11.6 8.53 1.83 18  Methou et al. (2020)

Rimicaris chacei MAR TAG Abdominal muscle —15.56 1 7.32 1 Gebruk et al. (2000)

Rimicaris chacei MAR TAG Abdominal muscle —18.70 —13.70 —15.72 1.09 33 6.00 9.50 8.06 1.10 33 14.1 9.3 11.35 1.21 33 Methou et al. (2020)

Rimicaris exoculata MAR Broken Muscle —17.34 —10.00 —-12.76 2.77 5 5.72 6.99 6.42 0.54 5 Colaco et al. (2002)
Spur

Rimicaris exoculata MAR Broken Abdominal muscle —14.55 —10.75 —-12.65 2.69 2 6.18 7.64 6.91 1.03 2 Gebruk et al. (2000)
Spur

Rimicaris exoculata MAR Logatchev Muscle -15.97 -12.25 -14.43 203 4 5.87 8.02 6.94 1.52 2 Colaco et al. (2002)

Rimicaris exoculata MAR Logatchev Abdominal muscle —14.44 1 5.84 1 Gebruk et al. (2000)

Rimicaris exoculata MAR Lucky Muscle —-12.11 1 7.85 1 Colaco et al. (2002)
Strike

Rimicaris exoculata MAR Lucky Abdominal muscle -11.13 -11.10 -11.12  0.02 2 7.45 7.87 7.66 030 2 Gebruk et al. (2000)
Strike

Rimicaris exoculata MAR Rainbow Muscle —17.04 —8.29 —-10.21 2.08 32 5.76 8.11 6.80 0.63 19 Colacgo et al. (2002)

Rimicaris exoculata MAR Rainbow Abdominal muscle -10.09 -9.97 -10.03 0.08 2 7.43 798 771 039 2 Gebruk et al. (2000)

Rimicaris exoculata MAR Snake Pit Muscle —15.15 —-10.70 —-12.77 1.66 7 4.72 7.30 6.12 0.87 7 Colaco et al. (2002)

Rimicaris exoculata MAR Snake Pit Abdominal muscle —13.84 —12.05 —-12.86 0.91 3 5.93 6.88 6.30 0.51 3 Gebruk et al. (2000)

Rimicaris exoculata MAR Snake Pit Abdominal muscle -1290 -11.20 -11.85 041 26 6.80 830 7.43 038 26 55 9.8 7.85 1.23 26  Methou et al. (2020)

Rimicaris exoculata MAR Snake Pit Abdominal muscle —14.9 —13.5 —14.0 0.6 10 5.4 6.3 5.7 0.3 10 Polz et al. (1998)

Rimicaris exoculata MAR TAG Muscle —-15.98 -11.77 —14.28 1.87 5 3.83 7.02 5.58 1.06 4 Colaco et al. (2002)

Rimicaris exoculata MAR TAG Abdominal muscle -11.47 -11.05 -11.26 030 2 555 6.57 6.06 072 2 Gebruk et al. (2000)

Rimicaris exoculata MAR TAG Abdominal muscle -13.10 -12.00 -1249 028 30 660 7.50 7.13 025 30 6.4 9.7 8.53 0.66 30  Methou et al. (2020)

Rimicaris exoculata MAR TAG Abdominal muscle —-12.1 -11.6 -11.9 0.4 2 7.5 7.7 7.6 0.1 2 9.7 5 Van Dover et al. (1988)

Rimicaris exoculata MAR Broken 20 whole -9.8 20 5.50 20 Vereshchaka et al.

central Spur individuals (2000)
Rimicaris exoculata MAR Broken 20 whole -10.9 20 7.00 20 Vereshchaka et al.
peripheral Spur individuals (2000)

Rimicaris sp. MAR Snake Pit Abdominal muscle -16.9 -15.2 -15.8 0.6 10 45 5.3 4.9 0.2 10 Polz et al. (1998)

Rimicaris kairei CIR Kairei Muscle —13.5 —12.2 -12.8 0.5 7 6.5 7.7 7.1 0.4 7 Van Dover (2002)

RimicarisI sp. CIR OVF Muscle —14.60 1.10 6 7.40 1.80 6 7.90 1.70 6 Suh et al. (2022)

Rimicaris hybisae MCR Piccard Muscle -12,52 -10.13 -11.37 0.72 10 592 892 7.02 0.83 11 1081 11.14 10.98 0.23 2 Bennett et al. (2015)

Rimicaris hybisae MCR Von Damm Muscle -22.68 —-12.25 -1439 284 18 497 885 6.24 0.90 24 1223 1450 13.06 0.67 12  Bennettetal. (2015)

Rimicaris hybisae central MCR Von Damm Abdominal muscle  -16.44 -13.16 -14.45 1.03 19 7.10 813 7.56 0.29 11.82 1468 13.09 0. This study

Rimicaris hybisae MCR Von Damm Abdominal muscle -19.35 -1372 -16.77 199 11 753 878 7.92 037 11 7.70 13.15 10.71 1.85 11  This study

peripheral
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isotopic composition have indeed been described in R. exoculata
(Gebruk et al., 2000; Methou et al., 2022), R. chacei (Methou et al.,
2020), as well as Rimicaris kairei (Central Indian Ridge (CIR); Suh et al.,
2022; Van Dover, 2002). 515N values of R. chacei ranged from 2.94 to
9.50%o0, reflecting the fact that they can be facultatively carnivor-
ous/scavengers (Colaco et al., 2002; Gebruk et al., 2000; Methou et al.,
2020).

Initial work on R. hybisae at the Piccard Vent Field yielded §'C
values of —12.5 to —10.1%eo, 515N values of 5.9-8.9%o and 5°*S values
ranging from 10.8 to 11.1%o, while the Von Damm Vent Field §'°C
values ranged from —22.7 to —12.3%, 5'°N values of 5.0-8.9%o and 5°*S
values of 12.2-14.8%o (Bennett et al., 2015). When compared with iso-
topic compositions of the primary producers and other consumers in the
food web, 8'°N values indicate that R. hybisae is a primary consumer of
chemoautotrophic organic material. The range in 8'3C values, was only
2.4%o at the Piccard Vent Field, but 10.4%o at the Von Damm Vent Field.
The large range of 5'3C values at the Von Damm Vent Field led to the
assumption that 5'3C values are not a useful tool in studying trophic
relations at hydrothermal vents (Bennett et al., 2015), since they may
result from mixtures of different types of chemoautotrophy, e.g. meth-
anotrophy vs. thiotrophy (Kennicutt et al., 1992; Leonard et al., 2021).
We hypothesize, however, that they might instead be related to size or
spatial distribution (central or peripheral to active venting). Variation in
54S values are assumed to reflect local vent fluid §>*S values and related
differences in chemosynthetic bacterial assemblages (Bennett et al.,
2015).

The occurrence of conspecific shrimp assemblages in close proximity
at the Von Damm Vent Field, gave us a natural test bed to investigate
nourishment sources and trophic positions of R. hybisae assemblages
central and peripheral to active venting. We set out to answer the
following questions:

1. To what extent do central and peripheral assemblages differ in gut
contents, in §'3C, §!°N and 534S values, and in the volume of isotopic
trait space they occupy?

2. From isotopic data and gut contents, can we infer nourishment
sources of central and peripheral R. hybisae assemblages?

2. Materials and methods
2.1. Sample collection

Samples were collected at the Von Damm vent field (18°23'N;
81°48'W; 2309 m) on August 26, 2013 using the remotely operated
vehicle (ROV) Hercules during the E/V Nautilus Expedition, led by C.
German (Woods Hole Oceanographic Institution). R. hybisae were
collected by a multi-chamber slurp pump to ensure samples were not
cross-contaminated. Central shrimp assemblages were collected from
the Von Damm spire (Fig. 1a) near vigorous venting (>15 °C); periph-
eral shrimp assemblages were collected on a separate dive from an area
of weakly diffusing fluids (<21 °C; see also Plouviez et al., 2015), 1 m
away from the central shrimp assemblages. Immediately after collection,
carapace length (end tail to tip of rostrum) was measured with a caliper
and individuals were dissected and gut contents identified (white ma-
terial inferred to be of bacterial origin, herein referred to as “bacter-
ia”/crustacean exoskeleton/empty). In total 39 individual R. hybisae
were collected, of which 30 abdominal tissue samples and 25 matching
gut content samples were obtained. All samples were frozen separately
at —20 °C until further analysis. On shore, all samples were frozen at
—80 °C and freeze-dried. Abdominal tissue samples were homogenized
with a pestle and mortar.

2.2. Isotopic analyses

Samples were weighed into tin capsules and analyzed using a com-
bined method for 8'3C and §'°N values and a separate setup for 5°*S
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values on a Thermo Scientific (Waltham MA, USA) MAT 253 isotope
ratio mass spectrometer, connected to a Costech Analytical (Valencia
CA, USA) ECS 4010 elemental analyzer.

513C values were calibrated using international standards NBS-18
and NBS-19, and expressed against Vienna Pee Dee Belemnite (VPDB).
The long-term reproducibility (1 ) of a routinely analyzed acetanilide
lab standard was <0.05%o. 5'°N values were expressed against atmo-
spheric Ny and calibrated using international standards IAEA-N1 and
IAEA-N2. Long-term reproducibility (1 o) of the acetanilide lab standard
was <0.1%o. 5>*S values were expressed against Vienna Cafon Diablo
Troilite (VCDT), and calibrated using elemental S, BaSO4 and Ag5S lab
standards. Lab standard 5>*S values were verified against international
standards IAEA-S/1, NBS-127, NIST-8553 and NIST-8455. Reproduc-
ibility (1 o) of routinely analyzed lab standards was <0.4%o for sulfa-
nilamide, < 0.3%o for AgsS, and <0.2%o. for elemental S and BaSOy.

All abdominal tissue samples were analyzed in duplicate or tripli-
cate. Gut content samples (n = 25 of which 21 were successfully
analyzed) were individually analyzed for 513C and 8'°N values (n=17)
and/or 8°%S values (n = 10). Because of their small mass a few gut
content samples were pooled for §>*S analysis, resulting in 2 additional
5243 values.

2.3. Statistical analyses

All analyses were done using R (R Core Team, 2013).

A Kruskal-Wallis test was performed with abdominal isotopic com-
positions (5*3Cabd, 8'°Nabd, 5*Sana values) as dependent variables and
by the following factors: assemblage (central/peripheral), gut content
bacteria (present/absent), and gut content crustacea (present/absent).

We tested the effect of individual length on abdominal isotopic
signature by computing the significance of the slope of a linear
regression.

To explore differences in isotopic trait space occupied by central and
peripheral assemblages, 2D isotope plots with convex hulls were con-
structed (Cornwell et al., 2006). Further comparison of the isotopic trait
spaces was done by calculating two overlap metrics: isotopic similarity
(ISim) and isotopic nestedness (INes). ISim is the ratio between the
volume of the intersection and the volume of the union of the two as-
semblages in isotope space. ISim ranges from O (when the two assem-
blages fill entirely different parts of isotope space) to 1 (when they fill
the same portion of isotope space). INes is the ratio between the volume
of the intersection and the minimal volume filled by a group. It ranges
from 0 (no isotopic overlap) to 1 when one assemblage fills a subset of
the isotopic space filled by the other assemblage (Cucherousset and
Villéger, 2015; Villéger et al., 2011). We tested for difference in centroid
locations in the 8'3Capd-5""Napa-5°*Sabd isotopic space between periph-
eral and central assemblages using a residual permutation procedure (n
= 999; Turner et al., 2010).

The relationship between gut content and abdominal tissue isotopic
compositions was determined using a linear regression.

3. Results
3.1. Gut contents

Gut contents of most shrimp (17 of 19 individuals) from central as-
semblages at the Von Damm vent field consisted of white, amorphous
material, which was macroscopically inferred to be bacteria, analogous
to the gut contents of other Rimicaris species (Apremont et al., 2018;
Durand et al., 2009, 2015). Two individuals had empty guts and the gut
of one individual contained a small bit of crustacean exoskeleton in
addition to bacteria.

Peripheral shrimp (~1 m from central assemblages; n = 20) had guts
filled with fragments of crustacean exoskeleton (5 individuals), a
mixture of bacteria and crustacean exoskeleton (3 individuals), or bac-
teria only (6 individuals). Six individuals had empty guts.
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A Kruskall-Wallis test confirms that centrally aggregated shrimp
more often have bacteria in their gut (x> = 5.410, p = 0.020), while
fragments of crustacean exoskeleton are more often found in the guts of
peripheral shrimp (4? = 11.715, p = 0.001).

3.2. Isotopic composition of shrimp abdominal tissues

As expected, the ranges and averages of Rimicaris hybisae 613Cabd,
5'%Nabd, 8°4S,pq values were similar to those previously reported in the
same species from the Von Damm Vent Field (Bennett et al., 2015,
Table 1).

There was no significant linear relationship between carapace length
and 8'3Cabd, 8 °Nabd, 5°*Sand values.

However, when isotopic compositions of abdominal tissue of in-
dividuals from central and peripheral assemblages were compared
(Kruskall-Wallis test), significant distinctions were resolved: 613Cabd
values of peripheral R. hybisae (—19.4 to —13.7%c) were on average
2.4%o0 lower than 513Cabd values for central individuals (—16.4 to
—13.2%o vs. VPDB; x = 8.946, p = 0.003; Fig. 2). 8'°Napq values fell in a
narrow range and were elevated by 0.3% in peripheral shrimp
(7.5-8.8%0) in comparison to centrally aggregated individuals
(7.1-8.1%; Xz = 6.903, p = 0.009; Fig. 2). 634Sabd values of peripheral
shrimp (7.7-13.2%o) were on average 2.2%o lower than those of centrally
aggregated shrimp (11.8-14.7%0; ¥% = 10.700, p = 0.001; Fig. 2; see
Table 1 for means and ¢ values).

In order to quantify the overlap of central and peripheral assem-
blages in isotopic space, 2D convex hulls were determined (Fig. 2) and
ISim and INes were calculated for each stable isotope axis separately and
in 2D and 3D space. Central and peripheral assemblages overlap in 2D
isotope trait space, but only to a limited degree (Table 2). In 3D isotope
trait space there is hardly any overlap (ISim = 0.01), but this is due to a
single sample that has a large influence on the convex hull extent. When
excluding this sample, there is no overlap (ISim = 0) for central and
peripheral assemblages in 3D isotope trait space.

Difference in centroid locations in the 3D isotopic space among pe-
ripheral and central assemblages was significant (p = 0.001).

3.3. Isotopic composition of R. hybisae gut contents

To determine if the isotopic values of R. hybisae tissues reflect their
sources of nourishment, within-individual values for gut contents and
abdominal tissue were compared by means of linear regression. A pos-
itive relationship between the 5'3C value of gut contents (613Cgut) of an
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Table 2

Isotopic similarity (ISim) and isotopic nestedness (INes) for all carbon, nitrogen,
and sulfur isotopic compositions of central and peripheral assemblages of
R. hybisae at Von Damm Vent Field.

Isotope space ISim INes
53¢ 0.44 0.83
515N 0.37 0.61
5%%s 0.20 0.54
513¢/8'°N 0.18 0.36
5'%c/5%%s 0.12 0.38
5'°N/58%*s 0.05 0.16
513C/8'°N/5%4s 0.01 0.05

individual (consumption at a point in time) and the 513C,pq value of the
same individual (nourishment integrated over a longer period) was
observed (R? = 0.755, p < 0.001, df = 14; Fig. 3a). Similarly, there was a
positive relationship between within-individual 634Sgut and 634Sabd
values (R% = 0.543, p = 0.015, df = 9; Fig. 3¢). There was no significant
relationship between 5'%Napq and gut content 515N (615Ngut) values
(Fig. 3b).

To estimate the amount of trophic enrichment between gut content
and abdominal tissue, the intercept of the Y-axis was calculated when a
line with slope 1 was forced through the data. This shows there was no
enrichment between 513Cgut and 513Cabd values (—0.08%o) or between
634Sgut and 5*S,pq values (—0.49%o). The enrichment between 615Ngut
and 5'°N,pq values was on average 3.35%o.

4. Discussion

The examination of the gut contents of peripheral and central as-
semblages of R. hybisae showed that they had different sources of
nourishment. It appears that centrally aggregated shrimp use only their
episymbiotic bacteria as a food source, whereas peripheral individuals
rely on small Crustacea, episymbiotic bacteria, or both. By analogy with
R. exoculata, it seems likely that the presence of bacteria in the gut in-
dicates a primary bacterial chemosynthetic source of nourishment and
that there would be a much larger contribution from the gill chamber
episymbionts (Ponsard et al., 2013).

Gut content and abdominal tissue had similar §!3C and §*S values
(no isotopic enrichment), suggesting that the gut contents can serve as
indicators of the integrated nourishment sources of the individual and
not just as a consumption at a given moment. The within-individual
comparison of the 5'°N values of gut contents versus abdominal tis-
sues revealed the expected isotopic shift of one trophic level (43.4%o;
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Fig. 2. a-c. Biplots of 8'3C, 8'°N and *S values of R. hybisae abdominal tissues with enclosing convex hulls in §'3C/6'°N, §'3C/6%*s and 5'°N/53*S isotopic trait
space. Standard deviations on duplicate measurements were < 0.2%o for 5!°C and 5'°N values and < 0.4%o for §3*S values.
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Fig. 3. a. Relationship between 5'3C values of R. hybisae gut contents and abdominal tissues, described by 5'3C,pq = 1.244 x 613Cgm + 3.405 (R? = 0.755, p < 0.001,
df = 14); b. Comparison of §'°N values of R. hybisae gut contents and abdominal tissues; c. Relationship between §>*S values of R. hybisae gut contents and abdominal
tissues, described by §2*S,pq = 0.414 x 634Sgut + 6.491 (R? = 0.543, p = 0.015, df = 9). 1 ¢ errors on duplicate measurements were < 0.6%o for 8'C and 5'°N values

and < 0.7%o for 5>*S values.

Minagawa and Wada, 1984; Vander Zanden and Rasmussen, 2001), i.e.
a 3.35%o enrichment in 8'°N values. This finding, however, is uncertain
as the relationship between gut content and abdominal tissue 5!°N
values was not significant.

5'°N,pq values of centrally aggregated R. hybisae were only enriched
by 0.3%. in comparison to peripheral individuals, suggesting that the
different nourishment sources of central and peripheral individuals did
not comprise a difference of an entire trophic level (bacterially sourced
nutrition vs. carnivore). It is possible that trans-tegumental absorption
of nutrients (primarily from the gill chambers; Ponsard et al., 2013)
might affect the observed change with trophic level, as this would
potentially cause less isotopic fractionation than a series of reactions in a
metabolic pathway as would be used by ingestion of bacteria.

The significantly lower 5'3Capa and 5°*Sapq values in peripheral
shrimp compared to centrally aggregated shrimp could have several
causes. Methou et al. (2022) observed in R. exoculata that peripheral
aggregations consisted mostly of juveniles which may have had a
different nourishment source than adults. Our samples, however, only
comprised individuals of adult size. Lower §'3C and &%*S values were
found in certain potential food sources for R. hybisae at Cayman vents,
such as the shrimp Alvinocaris sp. and the gastropod Iheyaspira bathy-
codon (Bennett et al., 2015; Nye et al., 2013a). These species could form
part of the diet of peripheral R. hybisae, as the crustacean exoskeleton
bits in the guts could not be identified further taxonomically, and we
previously observed R. hybisae guts do sometimes contain gastropods.
Bennett et al. (2015) suggested that varying 5>4S values in the food chain
could be traced to differences in vent fluid chemistry through variations
in species assemblages of chemosynthetic bacteria. Fluid chemistry
compositions were indeed different between the central and peripheral
R. hybisae assemblages, as the centrally aggregated shrimps were in
diffuse flow fluid, while peripheral shrimp were in ambient seawater.
The origin of more negative §'3C and 5*S values in peripheral shrimp
could also be due to differences in chemosynthetic bacterial assemblages
at the bottom of the food chain, given that episymbiotic communities
can have different microbial compositions within the same host shrimp
species (Durand et al., 2009; Zbinden et al., 2008) and 534S values are
more negative for thiotrophs than for other microbial groups (Vetter and
Fry, 1998).

Additional causes for the observed differences in isotopic composi-
tion of shrimp abdominal tissue could be growth rates and related tissue
turnover rates (Fry and Arnold, 1982; Hesslein et al., 1993), or even
plausibly as different relative contributions of catabolic digestion of
bacteria vs. direct supply of organic carbon compounds by symbionts to
the host shrimp.

Direct comparison of stable isotope compositions, ISim and INes
show limited overlap in isotopic compositions of central and peripheral

shrimp assemblages, indicating that these assemblages occupy different
ecological niches. At MAR locations, similar niches are occupied by
separate species (Methou et al., 2022).

It remains a mystery how two conspecific assemblages with different
nutritional strategies have come to exist side by side in this manner.
While isotopic compositions suggest that individuals must persist in a
given habitat for some period of time, it is not clear whether shrimp ever
move between peripheral and central habitats. Plouviez et al. (2015)
showed that there were no genetic differences between R. hybisae pop-
ulations at Piccard and Von Damm vent fields, or between patches of
similarly-sized individuals at one location. In this light it seems plausible
that central and peripheral aggregations are not genetically distinct
populations, but different life history phases of the same population.

5. Conclusions

Based on the above analysis we conclude that central and peripheral
assemblages of R. hybisae have different nourishment sources, with
central assemblages relying on episymbiotic bacteria while peripheral
assemblages have diverse nourishment sources comprising bacteria,
Crustacea, and possibly gastropods.

813C and 6%*S values of abdominal tissue reflect those of gut content
and are thus related to nourishment source. No significant relationship
could be found for 8'°N values. Our findings show that tissue stable
isotope compositions are effective tracers of trophic levels in hydro-
thermal vent food webs, despite previous doubts of their value (Bennett
et al., 2015).

Future research on R. hybisae could address the identification of the
bacteria in their guts and gill chamber integuments, as well as additional
analyses of 5!°N values of gut contents and tissues to further elucidate
the presence of absence of a relationship between them.

In addition, the questions why two groups with different nutritional
strategies exist, and whether the two assemblages are indeed different
life history phases of the same population remain to be answered.
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