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Ocean tides and winter surface storms are among the main factors driving

the dynamics and spatial structure of marine coastal species, but the under-

standing of their impact on deep-sea and hydrothermal vent communities is

still limited. Multidisciplinary deep-sea observatories offer an essential tool

to study behavioural rhythms and interactions between hydrothermal com-

munity dynamics and environmental fluctuations. Here, we investigated

whether species associated with a Ridgeia piscesae tubeworm vent assem-

blage respond to local ocean dynamics. By tracking variations in vent

macrofaunal abundance at different temporal scales, we provide the first evi-

dence that tides and winter surface storms influence the distribution patterns

of mobile and non-symbiotic hydrothermal species (i.e. pycnogonids

Sericosura sp. and Polynoidae polychaetes) at more than 2 km depth. Local

ocean dynamics affected the mixing between hydrothermal fluid inputs

and surrounding seawater, modifying the environmental conditions in

vent habitats. We suggest that hydrothermal species respond to these habitat

modifications by adjusting their behaviour to ensure optimal living

conditions. This behaviour may reflect a specific adaptation of vent species

to their highly variable habitat.
1. Introduction
Benthic communities associated with hydrothermal vents have been extensively

studied since their discovery in 1977 on the Galápagos Ridge [1]. Vent commu-

nities, relying on local chemosynthetic microbial production, are characterized

by low diversity, large biomass and high levels of endemic species [2]. Within a

single vent site, the high spatial and temporal variability of vent emissions

creates a mosaic of habitats with contrasting physical and chemical conditions

[3]. The resulting spatial distribution of species reflects the interplay between

their physiological tolerance to environmental conditions [4,5], resource avail-

ability [6,7] and biotic factors [8,9]. The temporal and spatial variability of this

unstable environment plays a key role in the functioning of these ecosystems.

The hydrothermal ecosystems of the World’s oceans are subject to a variety

of forces that create variability along a spatial (from centimetre to hundreds of

kilometres) and temporal (from seconds to years) continuum. At broad spatial

and temporal scales, the stability of hydrothermal activity and site lifespan are

linked to geodynamic processes, such as tectonic or volcanic events, that can

cause important physical, chemical and biological changes [10,11]. On small

spatial scales (metres), mixing of hot hydrothermal fluids (up to 4008C)

with cold ambient seawater (less than 28C) creates steep spatial gradients of

environmental variables [12,13]. On short timescales, temporal fluctuations of
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temperature and chemical conditions result from the variabil-

ity of turbulent mixing of hydrothermal fluids with the

ambient seawater, which is controlled both by the variability

in fluid flux and of local oceanic currents. These deep-sea cur-

rents can be forced astronomically through the periodic

variability of surface tides [14–16] and atmospherically by

the passage of storms [16,17].

Although ocean tides are one of the most important fac-

tors controlling intertidal communities [18], their action on

deep-sea communities is less understood. Nevertheless, the

influence of tidal forcing on vent abiotic habitat conditions

has been reported from various localities in the Atlantic

[19,20] and Pacific Oceans [14,15,21]. Tide-related variability

in hydrothermal biotopes is attributed to two mechanisms,

including oceanic tidal pressure and modulation of horizon-

tal bottom currents by ocean tides [14,20]. Ocean tides may

affect faunal distributions by periodically altering the

mixing of seawater with vent fluids. Mixing variability may

directly influence the ambient temperature [14,15], the

chemical environment [22], the bioavailability of potentially

toxic compounds [23] and the exposure to radionuclides

[24]. However, few studies have managed to verify this

hypothesis in the absence of high-resolution temporal data.

To our knowledge, tidal influence has only been detected in

two symbiotic vent taxa: (i) Bathymodiolus spp. growth rates

[25–27] and (ii) Ridgeia piscesae branchial plume movements

[28], responses that are probably the result of the variability

of energy requirements for their symbionts (e.g. sulfide or/

and methane concentrations and oxygen availability) [4].

In addition to ocean tides, atmospheric forcing such

as that brought by storms can have a strong influence on

surface ocean dynamics, but only a few studies have con-

sidered its influence in the vent environment [29,30].

Winter storms affect near-bottom currents by generating

downward-propagating inertial waves and low-frequency

currents generated by pressure fluctuations associated with

storm occurrence [31,32]. The large inertial oscillations gener-

ated by atmospheric forcing in the surface ocean appear to

affect the dynamics of hydrothermal plumes at one vent

site on the Juan de Fuca Ridge [29]. This surface-related influ-

ence is attributed to the presence of inertial oscillations in the

surrounding currents. Variability in bottom currents at the

Lucky Strike and Rainbow vent fields (Mid-Atlantic Ridge)

appears to be influenced by inertial oscillations, whose

period at this latitude is approximately 20 h [33]. Similarly,

surface-generated mesoscale eddies appear to influence the

transport of hydrothermal vent efflux and of vent larvae

away from the northern East Pacific Rise [30]. Atmospheric

forcing can therefore promote the spreading of hydrothermal

effluents across the deep ocean and provide episodic oppor-

tunities for vent species to disperse their larvae over

hundreds of kilometres.

Understanding precisely how environmental variability

influences vent community dynamics is of particular rel-

evance for hydrothermal biology. To date, only a few

studies describing high-frequency variation in vent faunal

behaviour have been published [28,34]. To establish whether

tides play a role in vent species distributions, we monitored

the variability of macrofaunal abundance in a R. piscesae
assemblage from a northeast Pacific hydrothermal edifice at

high temporal resolution. The recent development of deep-

sea observatories facilitates high-resolution in situ studies of

benthic communities [28,34–36]. Video imagery has proved
to be appropriate for studying community dynamics and be-

haviour [36] as well as fine-scale changes in activity and

faunal distribution [28,34]. Based on previous observations

[28], we hypothesized that the fauna associated with

R. piscesae tubeworms respond to the tidal signal through

changes in food availability and environmental conditions.

The objectives of this study were to (i) measure the environ-

mental conditions possibly influenced by atmospheric and

astronomic forcings, (ii) determine if species associated with

the R. piscesae assemblage respond to these forces and (iii)

assess changes in species activity in relation to variation in

environmental conditions.
2. Material and methods
(a) Endeavour observatory
The 90-km Endeavour segment located on the northern part of

the Juan de Fuca Ridge (JdFR) is a hydrothermally active

region characterized by a 500–1000 m wide axial valley whose

walls reach up to 200 m in height, and hosts five major hydro-

thermal vent fields. Within the Main Endeavour Field (MEF)

(figure 1a), Grotto (47856.9580 N, 12985.8990 W) is an active

hydrothermal sulfide vent cluster located at 2196 m depth cover-

ing 450 m2 in surface area and 10 m high, forming a cove with an

opening to the north (figure 1b). This edifice is characterized by

high short-term variations in heat fluxes, but relative long-term

stability (annual scale) [37]. As on many sulfide structures

within the MEF, the site is colonized by a mosaic of faunal

assemblages [38], including low-flow Ridgeia piscesae tubeworm

assemblages and their associated fauna. Grotto was the subject

of several scientific investigations, including the deployment of

observational and measuring instruments by Ocean Networks

Canada (ONC, figure 1c).

With a 25-year lifespan, the ONC’s NEPTUNE-Canada

subsea infrastructure rests on an 800 km loop of electric and

fibre-optic cables connected to various instrumented sites

(nodes). The Endeavour node includes an extension cable to

the Grotto edifice instrument platform which supports a wide

range of multidisciplinary sensors (figure 1c). Focused on vent

ecology, the TEMPO-mini [39] ecological observatory module

is deployed on the north slope of the edifice (figure 1c). The

module is equipped with four 20 W LEDs lights and an Axis

Q1755 camera featuring a 1/30 Progressive Scan CMOS 2 Mega-

pixel image sensor, which recorded videos with a resolution of

1440 � 1080 pixels and a frame rate of 24 fps. A localized micro-

chloration system protects sensor optical parts and projectors

from biofouling [40].

(b) Environmental characterization
To study the impact of hydrodynamic patterns linked to ocean

tides and surface storms on the hydrothermal abiotic habitat,

we used temporal time series of physical and chemical variables

acquired by instruments installed on or near the Grotto edifice

(figure 1c; electronic supplementary material, table S1).

Pressure and near-bottom currents were measured with a

highly sensitive bottom pressure recorder (BPR) and a 600 kHz

acoustic Doppler current meter (ADCP). The ADCP had a

useful vertical range of 30 m, and was located 70 m south of

Grotto. Temperatures were measured by: (i) a 25 cm long

thermocouple wand (BARS) inserted into a vigorously venting

black-smoker orifice located 10 m west of TEMPO-mini, (ii) 12

autonomous temperature loggers (F-probes; F1–F12) placed on

the tubeworm assemblage filmed by TEMPO-mini, (iii) an Aan-

deraa oxygen sensor deployed approximately 30 cm below the

field of view, and (iv) a probe located under a fluid-collection
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Figure 1. (a) Location map of the Main Endeavour Field (Juan de Fuca Ridge, northeast Pacific) indicating the positions of hydrothermal vent edifices, with (b) a
visualization of the three-dimensional topographic structure of Grotto. The yellow dot on Grotto represents the position of TEMPO-mini. The distances and heights
were estimated using COVIS (Cabled Observatory Vent-Imaging Sonar). (c) Deployed instruments: I ¼ remote access sampler (RAS); II ¼ assemblage filmed by
the camera; III ¼ benthic and resistivity sensors (BARS); IV ¼ Aanderaa optode; V ¼ TEMPO-mini; VI ¼ thermistor chain (T-chain) and VII ¼ autonomous
temperature loggers (F-probes).
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benthic chamber of the remote access fluid sampler (RAS) from a

nearby (approx. 1.5 m) diffuse venting area. Oxygen saturation

was measured with the Aanderaa optode.

Like many other studies on hydrothermal diffuse-flow habi-

tats, we used temperature as a proxy measurement of chemical

variability in the hydrothermal abiotic environment [3,4,13,41].

Increasing temperatures correspond to lesser dilution of vent

fluids and therefore, suggest a high concentration of hydrogen

sulfide, methane, metals and other reduced chemicals, as well

as low-oxygen availability for communities.

(c) Observation design
To study long-term temporal dynamics of vent communities, the

camera was programmed to record 20-min video sequences six

times a day (02.00, 06.00, 10.00, 14.00, 18.00 and 22.00 UTC)

with three zoom levels per sequence corresponding to ‘large’,

‘medium’ and ‘fine’ views. The camera was focused on a Ridgeia
piscesae tubeworm assemblage harbouring a dense community of

associated fauna (figure 2). The total studied surface covers

approximately 0.315 m2. Temporal variation in the observed

abundances of four visible taxa (Ammotheidae pycnogonids,

Polynoidae polychaetes, Buccinidae gastropods and Zoarcidae

eelpouts) was quantified using the large and medium views

(figure 2). To avoid ‘observer bias’ among consecutive measure-

ments, video sequences were analysed in random order. The first
observation strategy had a fixed daily observation time set at

10.00 UTC encompassing a year from 20 June 2013 to 20 June

2014. The second observation strategy was designed to identify

seasonal components of macrofaunal and environmental varia-

bility. All six observations were analysed during one summer

(June 2014) and two winters (November and December 2014)

months. These specific time windows were selected to minimize

the amount of missing data generated by temporary short-

comings of the observatory and to maximize the presence of

high-quality video imagery.

(d) Statistical methods
All environmental variables were examined using two types of

time-series analyses. Welch’s averaged modified periodogram

method [42,43] was used to identify the dominant periods, and

tidal harmonic analyses using the open-source program T-TIDE

[44] were used to assess the timing (phase of the cycles) and

the degree to which the periodicities were determined by tidal

forcing. Prior to analysis, the two-dimensional currents were

rotated into components along and across the axis of the ridge.

The spectra of the currents from 14 depths, ranging from 4 m

to 30 m above the bottom, were examined.

Macrofaunal observed abundance time series were submitted

to Dutilleul multi-frequential periodogram analysis (MFPA) to

identify the dominant periods [45]. This periodogram computes
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Figure 2. The Ridgeia piscesae tubeworms assemblage and associated fauna as viewed by the TEMPO-mini ecological observatory module at 2196 m depth at the
Grotto hydrothermal edifice (Main Endeavour Field, JdFR), with (a) large and (b) medium views. (c) Sericosura sp. pycnogonids and Polynoidae polychaetes
(Branchinotogluma tunnicliffae, Lepidonotopodium piscesae or Levensteiniella kincaidi) and (d ) Sericosura sp. and the Buccinidae Buccinum thermophilum on the
tubeworm assemblage.
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the variance of periods that may or may not correspond to an

integer number of cycles (fractional frequencies), by regression

on the sinusoidal representation of the considered frequencies.

The statistic of Dutilleul’s periodogram is defined as the fraction

of the total variance of the time series explained by regressing the

series on the cosine and sine corresponding to a considered fre-

quency; p-values are produced. Prior to analysis, missing

values were substituted using a k-nearest neighbour method.

To investigate the processes of ocean dynamics that affect

the variability of the observed abundances of macrofauna, path

analyses [46] were performed using the program Piste 3.2.1
(Legendre laboratory). To obtain parsimonious path models,

variables were selected using a forward selection procedure

(9999 permutations). Therefore, path models were divided into

three compartments: (i) hydrodynamic processes defined by

axial currents; (ii) the degree of mixing of seawater and hydro-

thermal fluids, represented by temperature and oxygen

saturation; and (iii) macrofaunal abundance. The models were

computed separately for the June, November and December

2014 data and only for vent species showing relationships with

physical forcings. The observations of the Buccinidae Buccinum
thermophilum and the Zoarcidae Pachycara gymnium were too

scarce to allow modelling.
3. Results and discussion
(a) Ocean and hydrothermal ecosystem dynamics
The spectral analysis showed that bottom pressure was

dominated by peaks in energy centred on the diurnal

(24.8 h) and semidiurnal tidal bands (12.4 h), near frequencies

of 1 and 2 cycles per day (electronic supplementary material,
figure S1). The ratio of energy between the near-semidiurnal

and near-diurnal bands matched those of barotropic tidal

models of the northeast Pacific [47,48] with the near-

semidiurnal band being about twice as energetic as the

near-diurnal. Similarly, the dominant peaks in the current

spectra were in the diurnal and semidiurnal bands, with

the near-semidiurnal band being five times more energetic

than the near-diurnal band (electronic supplementary

material, figure S1). Harmonic analyses of the pressure and

current time series revealed that the tidal constituents

accounted for 99% and 31% of the variance, respectively.

Spectral analyses showed that periodicities in pressure

and currents on Grotto occur at different frequency bands

corresponding to distinct physical forcing mechanisms.

First, the main near-semidiurnal band included the principal

lunar semidiurnal M2 and the principal solar semidiurnal S2

tidal constituents, with periods of 12.42 h and 12 h, respect-

ively (electronic supplementary material, figure S1). Tidal

constituent M2 had three times the amplitude of the second

dominant constituent S2. As shown in other studies, the

semidiurnal frequency dominates tidal oscillations in the

deep currents of the Endeavour axial valley [16,49]. Interest-

ingly, the semidiurnal energy was almost entirely

concentrated in the along-valley axis component and greatly

diminished in the weak cross-axis component (data not

shown). Second, the diurnal band resulted from the lunar

diurnal K1 and the solar diurnal P1 tidal constituents, with

periods of 23.93 and 24.07 h (electronic supplementary

material, figure S1), respectively, and differing by a factor

of 2.5. Finally, the enhanced energy peak with a period in



Table 1. Observed abundances and significant results of Dutilleul periodogram analysis of the hydrothermal vent fauna at the Grotto edifice (2196 m depth).
The data were obtained by visual analysis of the video images recorded by TEMPO-mini during a whole year (once a day) and during three selected months
(six times a day).

taxa

annual analysis monthly analyses

20 June 2013 to 20 June
2014 June 2014 November 2014 December 2014

min – max
(mean+++++ s.d.)

main
periods

min – max
(mean+++++ s.d.)

main
periods

min – max
(mean+++++ s.d.)

main
periods

min – max
(mean+++++ s.d.)

main
periods

Sericosura sp. 2 – 31

(14.7+ 5.85)

14.89-d 14 – 46

(24.32+ 5.62)

12.39 h 15 – 48

(26.75+ 5.57)

4.07-d

12.43 h

9 – 37

(23.65+ 5.36)

4.24-d

12.42 h

Polynoidae 1 – 34

(8.57+ 3.53)

— 4 – 20

(10.81+ 3.47)

— 7 – 24

(14.68+ 3.6)

16.03-h 7 – 25

(14.36+ 3.86)

12.39 h
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the range of 3–4 days and at higher nonlinear harmonics of

the tidal frequencies (electronic supplementary material,

figure S1). Four-day oscillations in current measurements

have been widely observed over the JdFR [17,50] and seem

to be related to atmospheric forcing [51].

The spectra of temperatures (F-probes) and oxygen

saturation from a diffuse venting area also revealed signi-

ficant peaks at the near-semidiurnal and near-diurnal

frequencies (electronic supplementary material, figure S1).

Tidal modulation of diffuse-flow vent temperatures has

been previously reported at JdFR [14,52] and has also been

observed in records from a thermistor chain associated with

TEMPO-mini, deployed near the studied community [28]

(figure 1c). These tidal peaks had less power than those of

the pressure and current spectra. Tidal oscillations were

more episodic and less persistent in diffuse fluids than in

the high-temperature black-smoker fluids, where tidal oscil-

lations were steadier and comparable with the pressure

record. This result may be explained by the fact that high-

temperature black-smoker data were acquired by a probe

inserted into the chimney orifice and, therefore, protected

from the influence of near-bottom currents. By contrast,

temperature data from diffuse-flow areas were exposed to

bottom currents, thereby masking the tidal signal.

The potential mechanisms causing this tide-related variabil-

ity on the hydrothermal abiotic environment include oceanic

tidal pressure and modulation of horizontal bottom currents

by ocean tides. Barreyre et al. [20] have reported that tidal varia-

bility in high-temperature black-smoker fluids was significantly

more coherent with tidal pressure, while diffuse-flow vent

temperatures were more coherent with tidal currents. These

ambient currents and their hydrodynamic oscillations have a

complex, but direct implication on the dispersal of hydrother-

mal effluents and influence temperature variability [15,21],

suggesting a high variability of chemical conditions in

the hydrothermal ecosystem [41,53]. In the Endeavour axial

valley, where the dominant along-axis periodicity of ambient

currents is tidal, ocean tides probably have a strong effect on

the environment surrounding the faunal community. In our

video sequences, we observed evident changes in environ-

mental conditions with alternation between ‘clear’ seawater

and shimmering fluids characteristics of diffuse venting

(electronic supplementary material, video S1).
(b) Tides and vent faunal dynamics
Located near a hydrothermal diffuse area, the Ridgeia piscesae
tubeworms assemblage filmed by TEMPO-mini was recognized

as a ‘V low-flow’ community [38]. In light of previous knowl-

edge on JdFR species diversity, we identified the ammotheid

pycnogonids as Sericosura sp. Given three morphologically

similar species of Sericosura have been described from the

Endeavour segment of the JdFR [Bamber 2009], we refrained

from assigning the pycnogonids to a single species. In contrast,

it was possible to assign polynoid polychaetes to three species

including Branchinotogluma tunnicliffae, Lepidonotopodium
piscesae and Levensteiniella kincaidi.

Dutilleul’s periodograms computed on 1 year of simu-

lated data containing a tidal signal showed that, with one

observation per day, a cosine with 12.42 h tidal period

sampled once a day produced a significant 14.79-day

harmonic. A 14.89-day period was detected in the periodo-

gram of Sericosura sp. abundances observed during 1 year

(table 1), highlighting a tidal signal. For the June, November

and December 2014 time series, periodograms displayed a

significant approx. 12.4 h period corresponding to the semi-

diurnal tidal cycle (table 1). The observed abundances of

Polynoidae at the top of the Ridgeia bush exhibited a signifi-

cant tidal cycle (12.4 h) in the December data only (table 1).

To deepen our understanding of tide-related variables on

the behaviour of the two taxa that displayed significant tidal

signals, we decomposed their linear effects on the temporal

dynamics of vent species using path analyses performed on

one-month observation periods (figure 3). Tidal pressure

was not retained in our path models, suggesting that the tem-

poral dynamics of the studied vent taxa is mainly controlled

by a mechanism related to tidal bottom currents. This result

is in agreement with Barreyre et al. [20], which shows that

diffuse-flow vent environments are mainly affected by tidal

bottom currents. Consistent with the main orientation of

the ridge and the topography of Grotto (electronic sup-

plementary material, figure S2), path models showed that

temperature and oxygen saturation in the tubeworm’s

environment were strongly and significantly influenced by

the northern and southern horizontal bottom tidal currents

(along the valley axis). The horseshoe-shaped hydrothermal

cluster is open on the northeast side, directly exposed to the

north–south current axis (figure 1b). The height of the
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Figure 3. Path analysis model of ocean tide effects on Ammotheidae pycnogonids Sericosura sp. and Polynoidae polychaetes abundances in one summer (June
2014) and two winter (November and December 2014) months. Orange arrows indicate positive relationships, blue arrows negative relationships. Path coefficients
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northern towers (10 m) may further protect the studied

assemblage from east–west currents, not retained in path

models. Hydrodynamic processes lead to an alternating

regime of abiotic conditions. During southern current

phases (directed towards the north), the environment of the

siboglinids was characterized by low temperatures and high

oxygen saturation (figure 3). Conversely, northern current

phases (directed towards the south) were associated with

high temperatures and low-oxygen saturation (figure 3),

suggesting high inputs of hydrothermal fluids in the

tubeworm habitat. High temperatures indicate high concen-

trations of hydrothermal fluids, therefore high concentrations

of hydrogen sulfide and other reduced chemicals in the

ambient habitat of the tubeworm assemblage [3,4,12,13].

Path models revealed that observed macrofaunal abun-

dances (at the top of the bush) decreased during low

temperature (positive path coefficients) and high oxygen sat-

uration conditions (negative path coefficients; figure 3). We

hypothesize that, in these local favourable conditions (i.e.

lower toxicity), species remain deeper in the tubeworm

bush (figure 4), protecting themselves against currents and

predation, and possibly allocating their energy to nutrition

and/or reproduction. Individuals within the bush were not

visible to the observer, reducing the number of counted indi-

viduals. In the reverse conditions, we postulate that the high

concentration of hydrothermal fluids in the environment
prompted the vent species to reach the surface of the tube-

worms (figure 4) in search of more favourable habitat

conditions than inside the bush, such as higher oxygen satur-

ation. This behaviour would then lead to a higher number of

individuals, visible at the top of the bush.

Aggregation (defined as a group of more than five individ-

uals) at the top of tubeworms and enhanced activity of

pycnogonids occurred during high-temperature and low-

oxygen saturation periods. This behavioural observation may

be associated with respiration. In the absence of a respiratory

system and pigments that can transport oxygen, pycnogonids

breathe by diffusion through their chitinous exoskeleton [54].

Because their cardiac system is too weak to circulate haemo-

lymph [55], leg joint and peristaltic movements exert

pressure on haemolymph, allowing oxygen transport [54,56].

Oxygen consumption varies not only with their activity

levels, but also with the contact between individuals [57]. Pycno-

gonid respiration appears to be greater when they are in groups

than when they are isolated [57]. This would explain the

aggregations observed in periods of relatively low-oxygen avail-

ability. In this study, oxygen saturations varied from 1.5 to 22%.

Following Woods et al. [58], these levels of oxygen represent low

species tolerance. Interestingly in the Antarctic, several species of

genus Ammothea, a close relative of Sericosura, also supports low

levels of oxygen, suggesting an evolutionary history of wider

dissolved oxygen range in at least some ammotheids, which
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relates well with the dominance of species of Sericosura
in chemosynthetic, hypoxic environments.

Polynoidae showed no distinctive patterns in abundance

with respect to temperature variability (figure 3). Laboratory

experiments in pressurized aquaria have shown that hydro-

thermal polynoids tolerate a wide range of thermal

conditions, with an activity recorded from 2.5 to 238C and

thermal limits in the range of 35–408C [59]. Here, tempera-

tures experienced by the organisms as measured by the

F-probes in the field of view ranged between 1.68C and

13.68C. The absence of significant influence of temperature

on their abundances corroborates with these previous find-

ings and suggests that polynoids are in their optimal niche.

In contrast with littoral species, the presence of gills and hae-

moglobin with high oxygen affinity in vent polynoids

promotes oxygen uptake in hypoxic environments. However,

in December 2014, the abundance pattern of polynoids fol-

lowed a tidal signal (table 1). Near-bottom currents may

modulate the availability of food or/and other unmeasured

environmental variables, but the detection of this signal

only in December remains to be investigated.
(c) Surface storms and deep-sea fauna
Many studies have shown an influence of surface storms on

near-bottom currents and their repercussions on hydrother-

mal abiotic environments [17,31,50,60]. However, the effects

of atmospheric forcing on vent fauna were poorly explored

[30]. Dutilleul’s periodograms computed for November

show that the observed abundances of pycnogonids and

polynoids responded to local atmospheric forcing with an

approximately 4-day oscillation and 16-h inertial oscillation,

respectively, possibly related to surface storms (table 1). Simi-

larly in December, observed abundances of pycnogonids

responded to a signal corresponding possibly to local atmos-

pheric forcing with an approximately 4-day oscillation

(table 1).

The Rossby wave-like nature of winter storms at mid-

latitudes imparts a 3–4 day cycle in atmospheric pressure

due to the passage of alternating high and low pressure sys-

tems. This pressure oscillation has been known to set up

bottom-trapped waves on the flanks of the JdFR. Spectra

from our pressure and current records (electronic supplemen-

tary material, figure S1) show evidence of a 4-day peak as
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previously reported [17,31,50,51]. An earlier study repor-

ted amplification of the 4-day energy during winter

and coherence between local wind stress and 4-day periods

in currents, supporting storm-induced generation [51].

In contrast with the inertial motions, 4-day energy is

maximal in the Endeavour axial valley, where inertial wave

energy cannot propagate [51]. As suggested by Cannon &

Thomson [17], the 4-day oscillation may have an important

implication on the local advection of hydrothermal effluents,

periodically inducing changes in habitat conditions and

vent species’ responses to abiotic constraints and/or food

availability. A 4.5 day cycle in buccinid abundance

was observed by Cuvelier et al. [28], but no abiotic data

were reported.

At the latitude of Grotto, the 16-h period found in

observed polychaete abundances corresponds to that of

wind-generated inertial currents [31,61]. Induction of these

episodic inertial motions may be caused by the passage of

storms. When winds at the sea surface are weak or absent,

previously induced water movements trace inertial circles

because of the Coriolis effect due to the Earth’s rotation.

This inertial period was previously observed in October

2010 in a Grotto hydrothermal flux time series, showing

that surface winter storms influence hydrothermal plume

dynamics [29]. However, the environmental variable spectra

(electronic supplementary material, figure S1) within the

axial valley did not reveal significant energy at the 16-h iner-

tial period. Thomson et al. [31] reported that inertial motions

are the most energetic component of the flow variability in

the vicinity of Endeavour during the winter season, except

within the axial valley. The narrowness and small size of

the rift valley may not permit entry of internal inertial

waves, which are large and propagate at a very small (less

than 28) angle to the horizontal plane. Conversely, these iner-

tial waves are enhanced above the ridge (approx. 200 mab)

where vent plumes of the MEF rise to a level of neutral buoy-

ancy at 50–350 mab [16]. These inertial motions may

periodically contribute to the advection of hydrothermal

flow, resident particles and chemical components.

The 4-day oscillation and 16-h inertial period may influ-

ence vent species dynamics, by modifying the periodic

variability of local environmental conditions and particles

settling from the hydrothermal plumes (figure 4). For example,

surface-generated mesoscale eddies were observed to influ-

ence the transport of hydrothermal vent efflux and vent

larvae away from the ridge [30]. The addition of sediment

traps could help validate this hypothesis. This evidence of

the influence of surface storms on vent species’ dynamics

emphasizes the need to deepen our understanding of the

impacts of atmospheric forcing on hydrothermal ecosystems.
4. Conclusion and perspectives
Our results strongly demonstrate that global ocean dynamics

significantly influence the functioning of hydrothermal eco-

systems. To our knowledge, this is the first study showing

that ocean tides and winter surface storms influence the

dynamics of benthic non-symbiotic hydrothermal vent

species. Deep-sea currents generate different regimes of abiotic

conditions within Ridgeia piscesae assemblages and associated

fauna. Alternating periods of high and low hydrothermal fluid

inputs trigger temporal variability in vent species by possibly

modulating their activity and behaviour in search of optimal

conditions. An alternative explanation assumes that vent

fauna harbour endogenous timekeeping mechanisms, the so-

called biological clock. Encoded by clock genes, biological

rhythms are phylogenetically constrained without necessarily

being linked to existing cyclic environmental signals. These

rhythms may constitute an anticipated response of organisms

to changing environmental conditions caused by ocean varia-

bility. Possibly related to these internal biological rhythms,

Colaço et al. [62] reported that vent mussels Bathymodiolus
azoricus spawned annually, in January, both in controlled

aquaria conditions at atmospheric pressure and in the wild

population. Our results call therefore for experimental studies

to investigate this assumption by using pressurized aquaria or

molecular approaches to identify the presence of active clock

genes in the vent fauna.
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