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Abstract :

The Eiffel Tower edifice is situated in the Lucky Strike hydrothermal vent field at a mean depth of
1690 m on the Mid-Atlantic Ridge (MAR). At this 11-m-high hydrothermal structure, different faunal
assemblages, varying in visibly dominant species (mussels and shrimp), in mussel size and in density
of mussel coverage, were sampled biologically and chemically. Temperature and sulphide (3'S) were
measured on the different types of mussel-based assemblages and on a shrimp-dominated
assemblage. Temperature was used as a proxy for calculating total concentrations of CH,. Based on
the physico-chemical measurements, two microhabitats were identified, corresponding to (i) a more
variable habitat featuring the greatest fluctuations in environmental variables and (ii) a second, more
stable, habitat. The highest temperature variability and the highest maximum recorded temperatures
were found in the assemblages visibly inhabited by alvinocaridid shrimp and dense mussel beds of
large Bathymodiolus azoricus, whereas the less variable habitats were inhabited by smaller-sized
mussels with increasing bare surface in between. Larger mussels appeared to consume more S
compared with smaller-sized (<1 cm) individuals and thus had a greater influence on the local
chemistry. In addition, the mussel size was shown to be significantly positively correlated to
temperature and negatively to the richness of the associated macrofauna. The presence of microbial
mats was not linked to specific environmental conditions, but had a negative effect on the presence
and abundance of macro-fauna, notably gastropods. Whereas some taxa or species are found in only
one of the two microhabitats, others, such as polychaetes and Mirocaris shrimp, cross the different
microhabitats. Temperature was proposed to be a more limiting factor in species distribution than } S.
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1. Introduction

Hydrothermal ecosystems are extremely variable environments, characterised by elevated
temperatures relative to ambient deep-sea water. However, with only a few exceptions, the
temperatures most vent species live at are no different from those in shallow-water habitats
and it is the chemistry and composition of the fluids that sustain life at hydrothermal vents
(Jannasch 1985). Steep thermal and chemical gradients exist and turbulent mixing occurs
between the hydrothermal fluids and cold surrounding seawater, resulting in high local
variability, on a scale of a few centimetres (Johnson et al. 1988a; Chevaldonné et al. 1991;
Sarrazin et al. 1999, 2006; Le Bris et al. 2006). The region wherein sulphide and oxygen co-
exist, both indispensable for chemosynthesis by thiotrophic endosymbionts, is thus restricted
to the interface between reduced chemicals from the hydrothermal fluids and oxygenated
seawater (Johnson et al. 1988b; Sarradin et al. 2009). Attempts to define the microhabitats
where species live and characterise the local faunal composition have taken place at
hydrothermal vents on various Mid-Ocean Ridges and spreading centres: the East Pacific
Rise (EPR: Fisher et al. 1988; Johnson et al. 1988b, 1994; Sarradin et al. 1998; Bates et al.
2005; Dreyer et al. 2005; Govenar et al. 2005; Sarrazin et al. 2006; Mills et al. 2007; Lutz
et al. 2008; Matabos et al. 2008); the Juan de Fuca Ridge (JdF: Sarrazin & Juniper 1999;
Sarrazin et al. 1999; Tsurumi & Tunnicliffe 2003; Urcuyo et al. 2003); Lau Basin (Henry et al.
2008; Podowski etal. 2009); and the Mid-Atlantic Ridge (MAR: Sarradin etal. 1999;
Desbruyéres et al. 2000, 2001). Evidence for the close association of vent community
development with physico-chemical conditions has already been demonstrated (Luther et al.
2001). According to changing physico-chemical conditions, hydrothermal vent edifices may
be inhabited by faunal assemblages that form repeating mosaics (Sarrazin etal. 1997,
1999).
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The Eiffel Tower edifice of the Lucky Strike vent field (1690m depth) is located on the
shallower part of the MAR. It is visibly dominated by Bathymodiolus azoricus that forms
extensive mussel beds (Desbruyéres et al., 2001). A variety of taxa live in association with
these mussel beds, including alvinocaridid shrimps and a decapod crab along with less
conspicuous fauna such as polychaetes, gastropods, amphipods and pycnogonids etc.
(Desbruyeéres et al., 2006). At the Eiffel Tower hydrothermal edifice, Cuvelier et al. (2009)
identified 4 visibly different faunal assemblages of which 2 had a sub-form. Assemblage 1
was visibly dominated by dense beds of larger-sized mussels, while Assemblage 2a featured
mussel clumps with bare surface in between. Assemblage 2b was similar to Assemblage 2a
but contained visible microbial mats. Assemblage 3 represented bare surfaces colonised by
shrimps. Assemblage 4a resembled bare substrata with small dispersed mussels, whereas
Assemblage 4b was similar to Assemblage 4a but with visible microbial mats.

Using image analysis, a faunal zonation model around a fluid exit has been proposed for the
Eiffel Tower edifice (Cuvelier et al., 2009). Based on the distribution patterns and proximity
to the fluid exits of the faunal assemblages, the existence of at least two microhabitats was
hypothesised. These microhabitats were thought to correspond to a “harsher” (higher
temperature, higher sulfide) environment, inhabited by shrimps and larger-sized mussels,
while the other assemblages, featuring smaller-sized mussels and a less dense coverage, were
thought to be characterised by lower levels of T°C and sulfide. However, since this model
was primarily based on video imagery, it requires confirmation through biological sampling.
Hence the primary objectives of this study are: (a) to examine macrofaunal composition in
visibly different assemblages, (b) to identify the microhabitats inhabited by the different
faunal assemblages, (c) to evaluate if variability in physico-chemical factors corresponds to
visible faunal differences (size of mussels, presence of microbial cover and species
composition/dominance) and (d) to analyse if the microhabitats identified correspond to the

previously hypothesised microhabitats.

Material and methods
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Study area

Lucky Strike is a basalt-hosted vent field (Langmuir et al., 1997; Fouquet et al., 1998,
Ondréas et al., 2009) situated on the shallow part of the MAR, at a mean depth of 1700m, and
was visually observed for the first time in 1993 (Fig. 1). It is characterised by a central lava
lake, around which the hydrothermal vent edifices are located (Ondréas et al., 2009). The
Eiffel Tower sulfide structure is situated in the south-eastern sector, on the saddle between
two volcanic cones. It is an 11m high active edifice and one of the most visited sites within
this vent field.

Faunal assemblage sampling

During the MoMARO8 cruise (August 2008, NO I’Atalante), semi-quantitative biological
samples were taken with the Remotely Operated Vehicle (ROV) Victor 6000 on visibly
different assemblages, which correspond to those identified by Cuvelier et al. 2009 (Fig. 2).
Biological sampling was undertaken to investigate the macrofaunal species composition of
these assemblages. To facilitate the description of the results, we will refer to the samples
taken with the name of the assemblages they correspond to. Accessibility and manoeuvring
space for the ROV were prime determinants in choosing a sampling location. Samples (three
to four grabs) were taken with the manipulator arm of the ROV and placed in a sampling box,
followed by a clearing of the sampled surface with the slurp gun/suction sampler. The faunal
sampling of Assemblage 4b failed due to a hydraulic problem of the ROV, and was therefore

left out of the analyses.

When the biological samples arrived on board, the macro-and megafauna received the highest
attention and organisms were immediately identified to the lowest taxonomic level possible.
Specimens were subsequently fixed in seawater buffered formalin (10%) and after 48 hours
transferred to 70% ethanol. The surfaces sampled were measured with pixel-based image
analysis software IPLAB Spectrum® as described in Sarrazin et al. (1997), in which the
manipulator arm of the ROV was used as a scale (Table 1). The crab Segonzacia mesatlantica
was not considered in the statistical analysis, because this species is highly mobile and tends
to escape when approached with sampling equipment, hence it could not be considered
representative. Finally, the empty gastropod shells of Shinkailepas briandi present in two

different samples were noted in the density table but were not considered in the statistical
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analyses, since these appeared to be remnants of a senescent population. Chemical sampling

was carried out in a consecutive dive.

Chemical sampling

The CHEMINI (CHEmical MINIlaturised) analyser was used to measure in situ
concentrations of sulfides among the fauna (Vuillemin et al., 2009). The inlet of the analyser
was directly mounted on the temperature probe manipulated by the ROV Victor 6000. Hence
temperature and total dissolved sulfides (3S=H.S, HS", S%), hereafter referred to as XS, were
measured during 10 minutes among the different assemblages. Chemical sampling was
carried out in an undisturbed region of each sampled assemblages. A reference sample was
taken away from the hydrothermal active area, to calibrate the sensor against bottom seawater.
Calibration of the analyser was done in situ, at the beginning and at the end of the dive.
Sampling time stamps were noted during the dive and afterwards measurement results were
refined by looking at the video imagery. Data from when the CHEMINI probe was not
touching the fauna (due to involuntary ROV movements caused by currents) were eliminated
to avoid measurements of surrounding seawater. Total concentrations of CH,4 were calculated
from these in situ values, using a T°C vs. CH, regression curve obtained for Eiffel Tower
hydrothermal fluids during the same cruise (Sarradin et al., in prep.).

Statistics

Principal Component Analysis (PCA) was carried out with the Vegan package (Oksanen et
al., 2008) in R (version 2.8, Multicore team 2008) based on species abundance data. The
species abundance-matrix was subject to a Hellinger-transformation prior to statistical
analyses. Hellinger transformation is calculated by taking the square root of observed values
divided by the row (site) totals and is very useful for community data, making them suitable
for linear ordinations (Legendre & Gallagher, 2001). Taxonomic richness and rarefaction
were also calculated with the Vegan package, while Spearman Rank Correlations among the
chemical factors were carried out in Statistica 6 (StatSoft Inc. 2001). Preference was given to
Spearman Rank Correlations as these are less sensitive to outliers and do not require
normality of the data. As the data matrix did not meet the assumptions for parametric testing,
not even after transformations, differences between the environmental variables (T°C and 2.S)
were analysed with non-parametric tests (Kruskal-Wallis followed by post-hoc Wilcoxon
pairwise testing), which were performed in R. Since CH, was estimated based on the

temperature values, it was not used in the statistical analyses.
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Results

Faunal assemblage sample composition

The visible assemblage identification at Eiffel Tower is given in Figure 2, while an overview
of the fauna present in the sampled assemblages is presented in Table 1. The density data
showed that samples from Assemblages 2a and 4a were dominated by the same three species,
starting with Bathymodiolus azoricus, the gastropods Protolira valvatoides and Lepetodrilus
atlanticus and the polynoid polychaete Branchipolynoe seepensis. Assemblage 1 was also
dominated by B. azoricus but the second dominant species was the shrimp Mirocaris
fortunata, followed by B. seepensis and Amathys lutzi polychaetes. Assemblage 3 was almost
exclusively dominated by Mirocaris fortunata, which were also very abundant in Assemblage
2b. The second dominant species for both assemblages was the amphipod Luckia striki,
together with an undetermined polynoid polychaete in Assemblage 3. Luckia striki had the
highest abundance in Assemblage 2b.

The mytilid individuals showed significant differences in mussel lengths (Kruskall Wallis,
H=41.71, p<0.001, df=3). Assemblages 2a and 2b measured between 2 and 5 cm (no
significant differences between them, but significantly different from Assemblages 1 and 4a
p<0.05) while the mean size of the individuals in Assemblage 4a was about 1 cm
(significantly different from Assemblages 1 and 2, p<0.05). The mussel length in Assemblage
1 was significantly higher (p<0.001), with a mean of 6 cm. The size or length distribution of
the mussels was as follows: Assemblage 4a < Assemblages 2 < Assemblage 1. There were no
mussels in Assemblage 3. Gastropods were only present in the assemblages with smaller to
medium-sized mussels without visible microbial cover (Assemblages 2a and 4a), while
polychaetes had the highest abundance in the larger-sized mussel beds (Assemblage 1).
Branchipolynoe seepensis lives inside the mussel shells of B. azoricus. This commensal
polychaete had the lowest abundance when the size of the mussels was smallest (i.e. in
Assemblage 4a), however its abundance did not increase in proportion to the mussel shell
size. The ratio of the number of B. seepensis/number of mussels was highest in the medium-
sized mussels of Assemblage 2b followed by Assemblage 1 with the larger mussels.
Assemblage 4a had a unique presence of the pycnogonid Sericosura heteroscela. The crab
Segonzacia mesatlantica was present in 3 samples: 4 individuals were sampled in Assemblage

1, 2 in Assemblage 2b and 2 in Assemblage 3.
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Taxonomic richness and rarefaction were calculated to evaluate which sample of which
assemblage was the most diverse (Table 1). The highest richness was found in Assemblage 4a
with 11 taxa present, while Assemblage 3 was the least diverse (Table 1). In these
calculations the undetermined species also counted as species, as they were different from the
determined species. When calculating the expected number of species (ES) present in a sub-
sample of size 100 (rarefaction or Es(100)), similar trends were apparent (Table 1). Mussel
sizes showed negative relationships with taxonomic richness (R2=0.67) and Es(100)
(Rz=0.81).

Physical and chemical characterisation

Overall, a narrow temperature range (<2°C) was observed between the different assemblages
(Fig. 3). However, some variability was noticeable as the temperature tended to oscillate,
resulting in a broader temperature range for certain assemblages (Fig. 3). The minimum
temperature measured was 4.44°C in Assemblage 2b, i.e. very close to the seawater
temperature (4.4°C) (Table 2). The highest temperature (9.54°C) was measured in
Assemblage 3 (Table 2). The shrimp assemblage (Assemblage 3) thus tolerated the highest
temperatures recorded and the highest degree of temperature fluctuations (up to ~4.4°C),
while both Assemblages 4a and 4b were very stable, exhibiting the lowest degree of
fluctuations (Fig. 3). Of the mussel-based assemblages, Assemblage 1 with the larger-sized

mussels had the broadest range (~1.56°C) and the highest maximum temperature (6.14°C)
(Fig. 3).

Among the different environmental factors, temperature and >S were positively and
significantly correlated (r=0.42, p<0.05, df=38). As CH, was estimated based on the
temperature, it showed exactly the same trends and is therefore not considered in further
detail here. A non-parametric Kruskal-Wallis test confirmed significant variations in both
temperature (H=576.55, p<0.001, df=5) and >.S values (H=26.16, p=0.001, df=5) on the

different faunal assemblages (Fig. 4).

The temperature values measured in Assemblage 1 showed the largest variations, when
compared to the other mussel-based assemblage values. The mussel clumps of Assemblage
2a had a higher mean temperature than Assemblages 1 and 2b. Assemblage 4b had a
significantly higher temperature than Assemblage 4a (p<0.001), a trend opposite to that

observed between Assemblages 2a and 2b (Fig. 4a). Post-hoc testing revealed that
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differences in the temperature values between all the assemblages were significant (p<0.001)

except between Assemblages 1 and 4b (p>0.05).

For the 2_S values, the differences between the different assemblages were less pronounced
(Table 2, Fig. 4b), with concentrations ranging from 0.4 to 28 uM. Assemblage 3 exhibited
the broadest range and the highest values. Assemblages 4a and 4b exhibited higher 2.S values
than the other mussel assemblages, while 2.S concentrations were lower in Assemblages 1,
2a and 2b (Fig. 4b). Contrary to their temperature values, the >.S-values of Assemblages 4a
and 4b were closer to those of Assemblage 3 than the other assemblages. The differences
between Assemblages 1 and 2 were not significant for 2.S (p>0.1). Significant differences are
found between Assemblage 2b and Assemblage 3 (p<0.05), between Assemblage 4a and
Assemblages 1, as well as between Assemblages 4a and 2b (p<0.05).

Habitat characteristics

When plotting the temperature vs. the concentrations of >.S measured within the different
faunal assemblages, all the points are limited to quite a narrow range (Fig. 5) with a strong
curvature in the smoothed dilution curve. Assemblage 3 clearly had the broadest temperature
range and the highest concentrations of >.S. The microhabitats of the larger- and medium-
sized mussels (Assemblages 1 and 2) were consistent. The T°C-2.S values measured in the
larger-sized mussel beds of Assemblage 1 were positioned on a gentle slope (slope of
curve=1.92). The mussel clumps with microbial mats (Assemblage 2b) had slightly lower >S-
values than the mussel clumps without microbial cover (Assemblage 2a), which also had a
higher temperature than the former (Table 2, respective slopes are 1.67 and 3.02). The
plotting of Assemblages 4a and 4b above the observed dilution curve (Fig. 5), highlights their
elevated levels of 2.S compared with the temperature and the ratios of the other mussel-based
assemblages (Table 2). Both had steep slopes in the T°C-2S curve, for which the slope of
their curves are 7.19 for Assemblage 4a and -13.19 for Assemblage 4b. Even so, the
assemblage with microbial cover (4b) had lower >.S-values for higher temperatures than the

same assemblage without visible microbial mats (Assemblage 4a).

Fauna-habitat relations
Ordinations with Hellinger-transformed species abundance data were used to unravel patterns

between species and assemblages (Principal Component Analysis (PCA), Fig. 6). A total
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variation of 92.4% was explained by the first two axes, of which the first axis accounted for
79.6% (Fig. 6). Assemblages for which the distance separating them equals zero are
considered similar. Therefore Assemblages 2a and 4a as well as Assemblages 1 and 2b were
considered more similar regarding their species composition and abundance, while
Assemblage 3 was more distinct from the others. The positioning of Assemblages 1, 2b and 3
was largely influenced by the abundance of Mirocaris fortunata in these assemblages.
Assemblages 2a and 4a were considered similar because of the shared abundance of
Lepetodrilus atlanticus and Protolira valvatoides gastropods. In addition to Bathymodiolus
azoricus, the mussel-based assemblages (i.e. Assemblages 1, 2a, 2b and 4a) are characterised

by the presence of different polychaete taxa.

When plotting histograms of the percentage of temperature measurements in categories
separated by 0.5°C, preference for a certain temperature regime was revealed for each
assemblage (Fig. 7). AIll mussel-based assemblages grouped together in the colder
temperature array (4.44°C-6.14°C), while the shrimp assemblage had the broadest range in
the warmer temperatures (5.18°C-9.54°C). Two temperature niches were thus revealed. In
addition, a significant positive correlation was observed between the mussel size and the
temperature, where the increasing mussel size corresponded to increasing temperature
(R2=0.9986, p<0.01, df=27, Fig. 7). The larger-sized mussels of Assemblage 1 had the
broadest range and the highest temperature, overlapping in temperature with the beginning of
the shrimp-niche. Assemblage 2a is present in the 5-6°C range, while Assemblage 2b spanned
4-5°C, with a higher numbers of measurements between 4.5-5°C. Assemblage 4a had 100%
of its measurements in the range 4.5°C-5°C, while Assemblage 4b featured higher

temperatures.

Discussion

Physico-chemical characteristics of assemblages

Widest temperature and 2_S ranges are found in the shrimp assemblage (Assemblage 3). The
second largest temperature variations are encountered in the larger-sized mussel-beds of
Assemblage 1. In the remaining assemblages, composed of medium and smaller-sized
mytilids, a narrower range of temperature values is observed. The >.S measurements show

different results, as wider ranges are encountered in the assemblages featuring small dispersed
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mussels on predominating bare surface (Assemblages 4). In other words, the >S
concentration of Assemblage 4a, and to a lesser extent Assemblage 4b, is higher than for
other mussel-based assemblages with similar or higher temperatures, e.g. Assemblages 1 and
2b. This might result from the preponderance of bare surface and consequently a lower
biological uptake by the small and dispersed animals. In fact, what we measure in the vicinity
of the fauna results from what is supplied by the fluids and what disappears through

precipitation and organism consumption.

Assemblage 3 inhabits localities with relatively high temperatures and associated high levels
of XS, which should be a common feature since these abiotic factors are positively correlated.
Within vent mussel beds, however, temperature and chemistry do not necessarily conform to
a conservative mixing model (Le Bris et al., 2006). The concave curvature we observe in the
T°C-XS plot is indicative for sulfide removal (Johnson et al., 1988b). This suggests that
mussels may influence chemistry by removing H,S through their endosymbionts (Fisher,
1990), altering the already existing gradients (Johnson et al., 1988b). The presence of the
animals might also result in a higher degree of precipitation of chemicals (Sarradin et al.,
1999). When plotting temperature vs. S, the medium to larger-sized mussel beds
(Assemblages 1, 2a and 2b) tend to group together. The >S-values in Assemblage 1,
associated with a broad T-range, are positioned on a gentle slope, which can imply that larger
mussels consume more H,S. Assemblage 2b has a gentler T-2_S slope than Assemblage 2a
suggesting that mussel-assemblages with, in addition to their endosymbionts, a microbial
cover on their shells also have a higher H,S consumption (Le Bris et al., 2006). Assemblages
with the predominance of bare surface (Assemblages 4a and 4b) tend to cluster above the
dilution curve, approaching a proximal-plume model at Eiffel Tower (Sarradin et al., in prep.,
Fig. 5). Nonetheless, the measurements of the majority of mussel-based assemblages are
coherent with the mussel microhabitat measurements from 2006 (De Busserolles et al., 2009;

Vuillemin et al., 2009), except for Assemblage 4a.

At Eiffel Tower, shrimps (Assemblage 3) live closest to the fluid exits, followed by larger
sized-mussels (Assemblage 1) and with further increasing distance, by the smaller-sized
mussels in the mussel-clumps of Assemblage 2 (Comtet & Desbruyeres, 1998; Sarradin et al.,
1999; Cuvelier et al., 2009). The distance to the fluid exits increases even more for the small

mussels from Assemblages 4a and 4b (Cuvelier et al., 2009). The gradient of decreasing

10
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mussel size with increasing distance from the fluid exit observed at Eiffel Tower was
suspected to correspond to a decline in temperature (Comtet & Desbruyeéres, 1998; Sarradin et
al., 1999; Desbruyeres et al., 2001), which was confirmed here, as a significant positive
correlation is observed between mussel size and temperature. Overall, we discern two
temperature niches, distinguishing the mussel-based assemblages from the shrimp
assemblage. Despite the overlap in temperature niche and range of the larger-sized mussels of
Assemblage 1 and the shrimps, mussels generally thrive in the colder regions as opposed to

the shrimps that prefer warmer localities.

Environmental fluctuations provide opportunities for niche partitioning. As the different
mussel-assemblages appear to occupy the same temperature niche, the individual assemblages
do show differences in overlap among each other. Assemblages with microbial cover and the
ones without are significantly different from each other regarding their temperature values
(see Assemblages 2a-2b and 4a-4b). We could hypothesise that the microbial cover has an
effect on the local environment or on the mussels either by increasing sulfide consumption or
by supplying energy from chemosynthesis to the mussels. However, until now, no
physiological (no significant differences in lipids, carbohydrates or total proteins) nor
toxicological (no significant differences in metals and metallothioneins) differences were
found between mussels with or without microbial cover (Martins et al., 2009). Additionally,
the differences observed are not consistent between the sub-forms of assemblages, as
Assemblage 2a has higher temperature values than Assemblage 2b while it is the other way
around for Assemblages 4a and 4b. Overall, Assemblage 2a has a relative high mean
temperature compared with the other mussel-based assemblages, as do Assemblages 4a and
4b, although their maximum temperature is lower than that of Assemblages 1 and 3. There are
two possible explanations for this feature; the first is the ability of the mussels to divert the
flow horizontally, which allows them to expand the spatially limited, redox-transition zone
(Johnson et al., 1988a; 1994). As a consequence, higher temperatures tend to occur at the
edges of the mussel clumps (Johnson et al., 1988b). The second explanation is that during
sampling the temperature sensor touched the (underlying) rocky, thereby measuring

conductive heatflow from subsurface circulation of hot hydrothermal fluids.

Previous studies have hypothesised the existence of different physico-chemical microhabitats
at the Eiffel Tower edifice (Sarradin et al., 1999; Cuvelier et al., 2009), supposedly dividing it

in a “harsh” (higher temperature, higher sulfide) and a “less harsh” (lower temperature, lower

11
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sulfide) environment, with the shrimps and larger-sized mussels inhabiting the harshest one,
and the smaller-sized mussels occupying the other one. Based on the data acquired for this
study, these two microhabitats are characterised by variability rather than harshness, although
they also feature the highest and lower maximum temperatures. All values of temperature, 2.S
and CH, presented in this study are in concordance with previously published values for this
edifice and MAR mussel beds (Sarradin et al., 1999; 2009).

Faunal characteristics

Mirocaris fortunata, the most abundant shrimp at Eiffel Tower, can tolerate warm fluids at the
MAR vents (36°C; Shillito et al., 2006), which explains their presence in the warmer regions.
This shrimp species is an opportunist and feeds on a great variety of food items, such as
microbial mats and tissues of other invertebrates (Gebruk et al., 2000; Colaco et al., 2002).
They can be found in several mussel-based assemblages, mostly where there is a microbial
cover present as well as on bare substrata, with no mussels. In addition, the less gregarious
Chorocaris chacei and the more solitary Alvinocaris markensis also occur at Lucky Strike and
Eiffel Tower (Desbruyeres et al., 2006). Of the latter two species, there were no individuals
present in our samples, even though video imagery of Assemblage 3 showed that M. fortunata
co-occur with low abundances of C. chacei (Cuvelier et al., 2009). The absence of certain
‘expected” species can be explained by the ‘patchy’ nature of the hydrothermal vent edifices

along with our limited number of samples (n=5).

Bathymodiolus azoricus is the dominant species of the Eiffel Tower edifice and for the entire
Lucky Strike vent field, representing a climax-community. Bathymodiolus can be regarded as
an engineering species, offering secondary surfaces and interstitial microhabitats for other
organisms to occupy (Van Dover & Trask, 2000). Structurally complex localities may allow
the coexistence of many more species through competition-induced habitat specialization or
through moderation of predation (Menge & Sutherland, 1976). In this way, mytilids promote
biodiversity by enhancing habitat complexity and altering the local physico-chemical habitat.
Gastropods (mainly Protolira valvatoides, Lepetodrilus atlanticus and Pseudorimula
midatlantica) and even new mytilid recruits of Bathymodiolinae can be found on top of the
mussel shells, although gastropod presence is limited to the smaller-sized mussel-based
assemblages without microbial cover (2a and 4a). The microbial presence appears to exclude
gastropod fauna. These gastropods probably feed on the detrital layer and biofilms covering

these mussel shells without microbial cover, while filamentous bacteria might cause
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difficulties for attachment and movement of the gastropods. Larger-sized mussels could filter
a larger amount of gastropod larvae out of the water column, inhibiting settlement. Presence
and abundance of polychaetes differed from that of the gastropods. The gastropods are
exclusively present in the smaller-sized mussel assemblages without microbial cover. While
several polychaete species are clearly associated with the mussels, such as Amathys lutzi and
Branchinotogluma mesatlantica, which live in the interstitial spaces between the mussels and
are present in all mussel-based assemblages. At Eiffel Tower, polynoid polychaetes are often
visible on the mussel beds and microbial mats. One of them, the commensal polychaete
Branchipolynoe seepensis lives in the mantle cavity of the mussels. The abundance of
Branchipolynoe is lowest in the very small mussel-based assemblages (Assemblages 4a and
4b), which is also visible in the PCA-plot.

Sample/assemblage similarity

The highest similarity in faunal abundances and species composition is observed between
Assemblages 2a and 4a, which could be a different stage of the same assemblage. It is
Assemblage 3 that stands out, while Assemblages 1 and 2b are more similar to one another as
well. Due to this high faunal similarity between the latter two, there is no clear boundary
between the assemblages able to withstand the highest environmental fluctuations (1 and 3)
and those tolerating smaller environmental variable ranges (2a, 2b and 4a). This feature of
species crossing the borders delineated by the variability in microhabitats is due to the
existence of two temperature niches wherein the mussel-based assemblages group together

under a colder temperature regime (4.44°C-6.14°C).

Richness and expected number of species

The least diverse assemblage is the shrimp assemblage (Assemblage 3) and is also found
closest to the fluid exits (Cuvelier et al., 2009). This corresponds to the most variable
environment and could be considered the most stressful. At first sight there seems to be an
increase in taxonomic richness with distance from a fluid exit with Assemblage 4a, situated the
furthest away from a fluid exit, showed the highest richness. The expected number of species
corroborated this, although differences were less pronounced. This increasing distance is
hypothesised to correspond to a decrease in variability/stress as well. This is confirmed as there
iIs a significant negative relation between Es(100) and the standard deviations of the
temperature, which are a measure for the variability. Richness is likely to be subject to the

surface area sampled, while rarefaction tends to mitigate this artefact. However, caution should
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be taken as our observations are based on a small number of samples and that the evaluation of
species richness is largely dependant on this number of samples and the surface area sampled
(Gauthier et al., 2010).

Summary

At Eiffel Tower, variability rather than differences in mean conditions distinguishes two
microhabitats, in which temperature is proposed as being a more limiting factor than 2S. The
first and most variable microhabitat (broadest ranges in temperature values), also features the
highest maximum temperatures, is inhabited by the alvinocaridid shrimps (Assemblage 3) and
the larger-sized mussels (Assemblage 1). The second, more stable habitat, is inhabited by the
smaller-sized mussels in clumps (without and with microbial cover respectively Assemblages
2a and 2b) and dispersed small mussels (without and with microbial cover respectively
Assemblages 4a and 4b).

Hydrothermal vent animals such as mussels modify the local environment as we measure and
perceive it. Larger mussels (present in Assemblages 1 and 2) appear to consume more >_S than
smaller-sized individuals (~1 cm, Assemblage 4). A higher 2S consumption can also be
postulated for the mussel clumps that have an additional microbial cover on their shells
(Assemblage 2a). The mussel size was also shown to be positively correlated to the
temperature and negatively with the associated macrofauna richness. There is no evidence of
the microbial cover being associated to specific environmental conditions or of its influence on
the local chemistry, though its presence excluded gastropod fauna. The distinction between the
two microhabitats is less clear when looking at species abundances. Despite several marked
differences in presence and abundance of species between the visibly different faunal
assemblages, there are species (e.g. Mirocaris fortunata and several polychaete species) that
cross the boundaries delineated by the microhabitats. This was explained by the existence of
two temperature niches: one for the mussel-based assemblages in the colder temperature areas
and the other for the shrimps in the warmer regions, with an overlap in temperature-niche
between the larger-sized mussels and the shrimps. A more thorough sampling at Eiffel Tower,
both biologically (including replicates, meiofauna assessment and different sampling
efficiency) as chemically (consideration of other electron donors, time-series measurements) is
needed to validate our findings or highlight possible other factors at play, which we were

unable to assess at this point. Additional sampling of similar faunal assemblages originating
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from other edifices within Lucky Strike would be the next step in testing the consistencies of

the differences in faunal assemblages at this vent field.
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673 Tables
674
675
676  Table 1: Species densities (ind/m?) and total taxonomic richness in the different faunal
677 assemblages sampled. The undetermined species were also considered in the taxonomic
678 richness and rarefaction calculations as these were definitely different from the other
679  determined species. Highly mobile Segonzacia mesatlantica (Bythograeidae, Decapoda) crabs
680  were left out of the table. As=Assemblage
681
Density (ind/m?)
Group Species As_1 As_2a As_2b As_3 As_4a
Mollusca
Bivalvia
Mytilidae Bathymodiolus azoricus 952 5027 569 0 3260
Gastropoda
Lepetodrilidae Lepetodrilus atlanticus 0 340 0 0 104
Pseudorimula midatlantica 0 0 0 0 21
Skeneidae Protolira valvatoides 0 1155 0 0 1121
Orbitestellidae Lurifax vitreus 0 68 0 0 0
Phenacolepadidae Shinkailepas briandi (empty)** 0 0 44 0 21
Polychaeta
Polynoidae Branchipolynoe seepensis 385 544 350 0 332
Branchinotogluma mesatlantica 18 0 0 0 0
Ampharetidae Amathys lutzi 330 68 219 0 249
Polychaeta indet. 37 88 0 21
Polynoidae indet. 0 0 0 27 21
Arthropoda
Amphipoda
Eusiridae Luckia striki 136 832 27 21
Amphipoda indet. 68 0 0 0
Decapoda
Alvinocarididae Mirocaris fortunata 604 0 3065 3406 62
Pycnogonida
Ammotheidae Sericosura heteroscela 0 0 0 0 123
Surface sampled cm? 546.12 147.21 228.41 369.98 481.66
Taxonomic richness 6 8 6 3 11
Rarefaction Es(100) 5.74 7.75 5.98 2.56 8.19
682  **Not considered in statistical analyses or diversity calculations
683
684
685
686
687
688
689
690
691
692
693
694
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711
712
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714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

T°C

2.S total uM

CH, total pi®3
(estimatedyn4g

Mean # stdev

Mean * stdev

Assemblage 1
Assemblage 2a
Assemblage 2b
Assemblage 3
Assemblage 4a
Assemblage 4b

120
129
116
128
117
115

5.12+0.39
5.37+0.13
4.71+0.15
6.79 £ 0.88
4.81+0.07
5.01+0.10

A O 0 N O N |S

1.72+0.73
1.40 £ 0.37
0.81+0.29
9.00 +11.81
4.47+0.83
3.64 +0.87

Mean + stdeyn,;
5,59 + 0.757
06
6.20 +0.17
476 + 0.28707
8.73 +£3.10

4.96 + 0.08709
561+0.1%1n

Table 2: Mean values of T°C, XS and CH, and their standard deviations (stdev) measured or
estimated on the different faunal assemblages. T°C and .S were measured in situ, n=number
of samples, which is absent for CH, as this factor was calculated from the in situ T°C values,
using a T°C vs. CH, regression curve. Maximum values are highlighted in grey.
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Fig. 1: Major known vent fields and their respective depths are shown along the Mid-Atlantic

Ridge. The inset shows the Lucky Strike vent field with several of its most well-defined

edifices. The 11m high Eiffel tower is one of them, situated in the south-eastern sector of the

vent field.
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Fig. 2: Assemblage identification based on imagery as described by Cuvelier et al. (2009),
varying in visibly dominant species (mussels and shrimp), in mussel size and in density of
mussel coverage. Each assemblage is represented by a sketch (a) Assemblage 1: dense
Bathymodiolus azoricus mussel beds of larger-sized mussels (~6 cm), (b) Assemblage 2a:
mussel clumps of smaller sized mussels (2-5 c¢cm) with bare substrata in between, (c)
Assemblage 2b: Assemblage 2a but with a microbial cover (d) Assemblage 3: alvinocaridid
shrimp colonising bare surface (mostly Mirocaris fortunata, other shrimp species can be
recognised on imagery), (e) Assemblage 4a: scattered small mussels (~1cm) with prevailing
bare surface and (f) Assemblage 4b: Assemblage 4a but with a microbial cover.
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Fig. 4: Boxplots of environmental variables per assemblages. (a) Temperature and (b) >.S
were measured in situ. Black horizontal lines within the boxes represent the median.
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Fig. 5: Total sulfide concentration versus temperature on the different assemblages of the
Eiffel Tower edifice. The curve between the assemblages is the best fitting polynomial curve
(R2=0.95) and can be considered as a non-linear dilution curve. [H,S] is the theoretic sulfide
value, based on the end-member fluid concentrations at Eiffel Tower (Charlou et al., 2000).
The “proximal plume model” represents the T°C vs. >.S values based on the measurements
made on uncolonised areas, in the vicinity of a black smoker (Sarradin et al., in prep.). See

Fig. 2 for assemblage identification.
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Fig. 6: Principle Components Analysis (PCA) based on the Hellinger transformed species
abundance data. A total variation of 92.4% is explained by the PCA plot, where the first axis
accounts for 79.6% and the second for 12.8%. Ass=Assemblage.
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Fig. 7. Histogram featuring the percentage of T°C measurements in 0.5°C intervals for each
assemblage. Two temperature-niches are revealed, one for the mussel-based assemblages
(mean frequency) of the mussel-based assemblages measurements) and the other for the
shrimp assemblage.
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