N
N

N

HAL

open science

Dynamics of benthic copepods and other meiofauna in

the benthic boundary layer of the deep NW
Mediterranean Sea

L. D. Guidi-Guilvard, D. Thistle, A. Khripounoff, S. Gasparini

» To cite this version:

L. D. Guidi-Guilvard, D. Thistle, A. Khripounoff, S. Gasparini. Dynamics of benthic copepods and
other meiofauna in the benthic boundary layer of the deep NW Mediterranean Sea. Medio Ambiente

y Comportamiento Humano, 2009, 396, pp.181-195. 10.3354/meps08408 . hal-03505037

HAL Id: hal-03505037
https://hal.science/hal-03505037
Submitted on 31 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03505037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Vol. 396: 181-195, 2009
doi: 10.3354/meps08408

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published December 9

Contribution to the Theme Section ‘Marine biodiversity: current understanding and future research’ OPEN
ACCESS

Dynamics of benthic copepods and other meiofauna

in the benthic boundary layer of the deep
NW Mediterranean Sea

L. D. Guidi-Guilvard!%*, D. Thistle?, A. Khripounoif?, S. Gasparini' 2

ICNRS, and ?Université Pierre et Marie Curie, Laboratoire d'Océanographie de Villeiranche, 06234 Villeiranche/Mer, France

3Department of Oceanography, Florida State University, Tallahassee, Florida 32306-4320, USA
‘IJFREMER centre de Brest, Laboratoire Environnement Profond, 29280 Plouzané, France

ABSTRACT: A continuous high-resolution time-series survey of the hyperbenthic community and
local environmental conditions was conducted in the benthic boundary layer (BBL) of the
DYFAMED-BENTHOS station (43°24.61'N, 7°51.67'E at 2347 m depth in the NW Mediterranean)
between January 1996 and April 1998 using bottom-moored sediment traps and a current meter.
Sediment traps were set 4 m above the bottom. Hyperbenthos was collected as ‘swimmers’, i.e. those
organisms that are alive when they enter the traps but are not part of the particle flux. Identification
of these organisms showed that ~90 % were meiobenthic. Copepods dominated and comprised on
average 75 % of total swimmers. They were followed by nauplii (12 %), annelids (7.8 %), nematodes
and bivalves (1.8 % each), ostracods, isopods, and amphipods (1.2 % altogether). Of the 3930 cope-
pods examined, 4 % were calanoids, 15% were harpacticoids and 81 % were cyclopoids. Among the
non-calanoid copepods, 25 species or groups of species were distinguished. Two benthic copepod
species outnumbered all others: the cyclopinid genus Barathricola represented 90 % of the cyclo-
poids, and the tisbid genus Tisbe represented 57 % of the harpacticoids. Temporal variations, both
intra- and interannual, in swimmer fluxes were high (26 to 361 ind. m~2 d™!), but not all groups/
taxa/species were equally affected. Statistical analyses showed that these variations were the result
of variability in both physical (near-bottom current) and trophic (particle flux) environmental factors.
Organisms had both immediate and delayed responses, which involved passive (i.e. erosion, suspen-
sion) and active (i.e. emergence) reactions, as well as population growth. Most of the dispersal mech-
anisms previously reported for shallow-water benthic organisms were encountered, denoting the
remarkable similarities in the general processes between coastal and deep-sea environments.

KEY WORDS: Deep sea - Swimmers - Hyperbenthos - Benthic storms - Resuspension - Emergence -
Population growth - Biodiversity
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INTRODUCTION

In the past several decades, there has been a consid-
erable increase in knowledge about the functioning of
open oceans, from surface waters to the deep-sea floor.
Time-series observations with sediment traps, which
collect material as it settles through the water column,
have demonstrated that seasonal and episodic varia-

*Email: laurence.guidi@obs-vlfr.fr

tions in surface productivity result in highly variable
amounts of organic matter arriving at the seafloor (e.g.
Karl et al. 2003), which is moreover subject to variable
hydrodynamic conditions (e.g. Lampitt et al. 2001). The
rapid delivery of fresh organic material to the deep-sea
floor has important implications for life cycles of the
benthos. In the food-limited deep sea, the abundance
and biomass of benthic organisms depend on the
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amount of food reaching the sediment surface (e.g.
Gooday 2002). For example, pulses of organic-rich
detritus to the seafloor appear to be responsible for
seasonal growth and reproduction in some megafaunal
invertebrates (Billet et al. in press) and seasonal
changes in macrofaunal densities (Drazen et al. 1998),
sediment community respiration rates (Smith et al.
2002), bacterial densities (e.g. Lochte 1992), some
foraminiferan species densities (Gooday 1988) and
sediment geochemistry (Soetaert et al. 1996). But
there is still little evidence that metazoan meiofaunal
abundances increase following sedimentation events
(Kalogeropoulou et al. 2009).

While deep-sea benthic ecology temporal surveys
have focused on organisms living on and in the sedi-
ment, little attention has been paid within these
studies to the invertebrate fauna present in the near-
bottom waters. Single time-point investigations have
brought insights on community and food-web struc-
ture as well as metabolism of these communities (e.g.
Buhring & Christiansen 2001); however, many aspects
concerning the ecology of this fauna are still unknown,
in particular its dynamics and responses to local envi-
ronmental variability.

Here we report the first continuous high-resolution
time series for more than 2 annual cycles of the small
hyperbenthos collected as ‘swimmers' in sediment
traps set 4 m above bottom (mab) in the benthic bound-
ary layer (BBL) of the deep NW Mediterranean. Tem-
poral variations of organism fluxes and species compo-
sition were analyzed and related to the simultaneously
measured environmental variables.

MATERIALS AND METHODS

Study site. The present study was part of a long ben-
thic time-series, the DYFAMED-BENTHOS survey
(Guidi-Guilvard 2002), that was established in 1991 at
the DYFAMED permanent station in the NW Medi-
terranean (Fig. 1) to investigate bentho-pelagic cou-
pling. This 2300 m-deep station is relatively close to
land (~52 km off Nice, France), but presents many of
the characteristics of the open ocean with strong sea-
sonal signals in surface productivity and essentially
vertical particle fluxes. It was the site of the French
Joint Global Ocean Flux Study (JGOFS) activities
(Marty 2002, Karl et al. 2003) and is an ongoing perma-
nent observatory of atmospheric and water column
biogeochemical fluxes and processes (www.obs-vlfr.fr/
sodyf/). The DYFAMED benthic site is situated on the
side of the lower median fan valley of the Var Canyon.
At the site, the terrain is relatively flat with muddy sur-
face sediments (the silt-clay fraction comprises >94 %
of sediment dry weight) derived primarily from pelagic
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Fig. 1. Ligurian Sea, NW Mediterranean, showing the loca-
tion of the DYFAMED station (2347 m depth)

sedimentation. The bottom water temperature is high
(12.7°C), salinity is elevated (38.4%.) and average
dissolved oxygen concentration is 4.7 ml 1"! (Guidi-
Guilvard 2002).

Sediment traps. The near-bottom sediment-trap
mooring was deployed at the DYFAMED benthic site
at a bottom depth of 2347 m (see Guidi-Guilvard 2002).
Between January 1996 and April 1998, it was deployed
11 times, i.e. every 1.5 to 3.5 mo (Table 1). The mooring
included 3 cylindro-conical (cylinder height 50 cm,
cone height 60 cm, collection area 0.07 m?, aspect ratio
3.66:1), baffled (cell diameter 10 mm), multisample
sediment traps (labeled A, B, and C) supported in a
rectangular frame (Fig. 2). Each trap had 5 bottles that
were rotated under the collecting apparatus at prede-
termined intervals by a timer. Collection period per
bottle varied between 5.5 and 21 d (mean = 14 d). All
traps collected particles simultaneously at 4 mab. To
inhibit biological activity, bottles were filled with
4% sodium borate-buffered formaldehyde in filtered
seawater. Near-bottom current velocities were deter-
mined with an Aanderaa current meter every 120 min
at a height of 12 mab until mid-June 1997.

Sample treatment. When the mooring was serviced,
the collecting bottles were retrieved and replaced by
clean ones. The samples were stored refrigerated. In
the laboratory, the contents were gently rinsed with
cold filtered seawater on a 100 pm sieve. Organisms
and particles retained on the sieve were transferred to
a Dolfus counting tray and swimmers were identified
to the lowest possible taxon, counted and removed
under an Olympus SZH dissecting microscope (96x
magnification). The specimens were stored in a 4%
buffered formaldehyde-filtered seawater solution until
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Table 1. Station, deployment and sampling data for the near-bottom sediment trap of the DYFAMED station. Sediment traps were
equipped with 5 collecting bottles. Abundance of swimmers in each bottle of sediment trap B is indicated in parentheses

Mooring Position Start Stop No. days per bottle (No. swimmers)

bottle no. 1 2 3 4 5

76 43°25.32'N, 07°51.84'E 18/01/96 04/03/96 9 (39) 10 (18) 10 (34) 10 (38) 7 (22)
77 43°25.31'N, 07°51.91'E 06/03/96 07/05/96 12 (37) 12 (31) 12 (66) 12 (27) 14 (73)
78 43°25.26'N, 07°51.88'E 09/05/96 22/08/96 21 (177)  21(223) 21 (115) 21 (73) 21 (51)
Z9 43°25.30'N, 07°51.87'E 28/08/96 12/11/96 17 (82) 15 (83) 15 (46) 15(118) 14 (38)
710 43°25.32'N, 07°51.92'E 19/11/96 11/01/97 12 (105) 12 (55) 12 (30) 12 (76) 5.5 (44)
711 43°25.25'N, 07°51.80'E 16/01/97 08/04/97 14 (109) 17 (148) 17 (152) 17 (145) 17 (130)
712 43°25.21'N, 07°51.79'E 11/04/97 16/06/97 12 (86) 12 (98) 14 (112) 14 (95) 14 (84)
713 43°25.33'N, 07°51.86'E 18/06/97 27/08/97 14 (119) 14 (354) 14 (167) 14 (116) 14 (117)
714 43°25.26'N, 07°51.88'E 28/08/97 05/11/97 14 (184) 14 (278) 14 (194) 15(199) 12 (80)
715 43°25.33'N, 07°51.86'E 19/11/97 18/01/98 14 (46) 14 (44) 12 (25) 12 (81) 8.7 (59)
716 43°25.30'N, 07°51.90'E 06/02/98 15/04/98 14 (125) 14 (57) 14 (41) 14 (51) 12 (56)

analyzed. The swimmer-free particles were immedi-
ately transferred back to the corresponding bottles and
kept refrigerated. Further processing of the particles
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Fig. 2. Schematic representation (not to scale) of the near-
bottom mooring deployed on the DYFAMED station between
January 1996 and April 1998

included desalting, freeze-drying, estimation of dry
mass and analyses of chemical compounds following
the procedures described in Khripounoff et al. (1998).

Identification. The benthic copepods from Trap B
(Fig. 2) were identified. For counting, specimens were
transferred to drops of glycerol on microscope slides
and separated to order: Calanoida, Cyclopoida, Har-
pacticoida. The distinction between Cyclopoida and
Poecilostomatoida was not made, following Boxshall
& Halsey (2004). The copepod fauna of the deep
Mediterranean is far from completely described, so for
the cyclopoid and harpacticoid species encountered,
we noted important taxonomic characters and drew a
lateral habitus view of an adult female (or male when a
female was not available) with the aid of a Nikon
Labophot-2 compound microscope equipped with a
drawing tube. With this information, we created a key
and identified individuals in copepodite stages I
through VI to working species. For the harpacticoid
families Ectinosomatidae, Miraciidae (formerly Diosac-
cidae) and Ameiridae, the species-distinguishing char-
acters do not appear until the adult molt. Therefore,
the specimens of each of these families were treated
as single units. To associate a working species with a
described taxon, a specimen was dissected, its ap-
pendages mounted and important characters were
recorded and illustrated. The keys in Huys et al.
(1996), Boxshall & Halsey (2004) and the primary liter-
ature were used to determine the described taxon that
came closest to matching the species.

Data and statistics. Because sampling durations were
unequal, swimmer abundances were converted to
fluxes, i.e. ind. m™2 d"'. In the graphs of maximum cur-
rent velocities (V) and swimmer fluxes, the repre-
sentative point was plotted at the centre of the corre-
sponding collection period.

Relationships between organism fluxes and environ-
mental variables were analyzed using principal com-
ponent analysis (PCA); environmental variables were
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Fig. 3. Particle flux measured 4 m above bottom between 18 January 1996
and 15 April 1998 (histograms, units on the left): total dry flux (MASS), flux
of chloroplastic pigment equivalents (CPE, measured fluorometrically), cal-
cium carbonate (CaCOj), organic carbon (org C) and nitrogen (N). Black
symbols in bottom panel are the corresponding C:N ratios (scale on the
right). Black curve in the top panel is the maximum current velocity (Viax)
recorded 12 m above bottom during each collection period between 18

January 1996 and 16 June 1997 (units on the right)

swimmer fluxes) was treated as a stationary
time series, and paired correlations in 14-d
increments were computed from 0 to 84 d
(i.e. the lag of the second data set relative to
the first data set). Flux data were not trans-
formed. Missing values (Vi after 16 June
1997, nitrogen fluxes and C:N ratios after 25
September 1997) were replaced by the aver-
age value of the corresponding variable. All
analyses were performed with TANAGRA
(Rakotomalala 2005).

RESULTS
Environmental variables

Environmental variables will be described
briefly in this section and will only be dis-
cussed further from the perspective of the
swimmers.

Fig. 3 (top panel) shows the maximum
current velocities recorded during each col-
lection period between mid-January 1996
and mid-June 1997. At the DYFAMED sta-
tion, bottom current speed rarely exceeds
10 cm s™!. For example, in 1995, the same
mooring measured a mean bottom current
speed of 3.70 cm s™' with only one value
reaching a maximum of 10.18 cm s (A.
Khripounoff unpubl. data). In 1996 however,
bottom current speed was higher, with an
annual mean of 5.28 cm s™'. A total of 4 ben-
thic storms (see Aller 1989) with peak veloc-
ities between 13 and 21 cm s™! occurred in
April, and maximum current speed rose
again (16 cm s7!) at the end of July. In 1997,
the incomplete data set (mean current speed
=3.73 cm s~!, maximum speed = 9.42 cm s7})
nevertheless suggests that the bottom
hydrodynamic conditions were comparable
to those observed in 1995.

Fig. 3 also shows the particle fluxes mea-
sured in the samples after removal of the
swimmers. There were strong seasonal sig-
nals in the input of particles to the bottom,
with marked peaks in winter through spring,
and lower secondary pulses at the end of
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summer. Mass and calcium carbonate (CaCO3;) fluxes
distributions were comparable, with a maximum value
(554.59 and 149.73 mg m~2d "}, respectively) recorded in
early April 1996 at the onset of the first benthic storm. For
all the other fluxes measured, i.e. chloroplastic pigment
equivalents (CPE), organic carbon (org C) and nitrogen
(N), the maximum input occurred in June 1997 (212.45 png
m2d?, 17.23 and 2.38 mgm~2d!, respectively). A sec-
ond N-flux peak, corresponding to a very low C:N ratio
(3.36), occurred 3 mo later (1.60 mg m=2d!).

Interannual variability between 1996 and 1997 oc-
curred in the magnitude, timing and duration of the in-
put peaks (Fig. 3); however, concerning the overall an-
nual fluxes it was low. Fig. 4 shows that while the CPE
and org C annual fluxes were equivalent in both years,
mass and CaCOj; annual fluxes were slightly higher in
1996, probably reflecting resuspension by strong bottom
currents.

Swimmer composition

A total of 5253 organisms were removed from the 55
collecting bottles, each containing between 18 and 354
swimmers larger than 100 pm (Table 1). Copepods
(excluding nauplii) largely dominated (Table 2). Nauplii
were the second most abundant group and appeared
to belong almost exclusively to the harpacticoids.
Annelids were essentially larval polychaetes.

Of the 3949 copepods sorted, 19 were damaged and
were not considered further. Of the 3930 copepods
examined, 4% were calanoids, 15% were harpacti-
coids and 81% were cyclopoids. Among the non-
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Fig. 4. Annual particle fluxes measured 4 m above bottom in

1996 and 1997. Units for MASS, CaCOs, org C and N flux are

g m~2 yr'!. Units for CPE flux are mg m 2 yr !. Values multi-

plied by 10 for org C flux, and by 100 for N flux. N flux for
1997 not calculated due to missing data

calanoid copepods, 25 working species/groups were
distinguished, 2 of which were cyclopoids (SP101 and
SP102) and 23 harpacticoids (SP1 to SP22, Cer and
Unk) (Table 3); 5 taxa were groups of species, i.e. the
oncaeids SP102, the ectinosomatids SP5, the miraciids
SP1121, the ameirids SP13 and a group of unidentifi-
able specimens (Unk). All the others were single spe-
cies, for 6 of which we could not establish the family
name; 2 are new species, the cyclopinid Barathricola
(SP101) and the huntermanniid Talpina (SP7) (Marti-
nez Arbizu pers. comm.). Most harpacticoid species/
groups were poorly represented (1 to 54 individuals).
Among all the copepods listed in Table 3, 2 species
were particularly abundant: SP101 represented 90 % of
the cyclopoids, and SP1 (the tisbid Tisbe) represented
57 % of the harpacticoids. Juvenile individuals (cope-
podites) comprised 42% of both the total cyclopoids
and harpacticoids (Table 3). However, they were more
represented in the oncaeids (SP102) and in Tisbe (SP1)
(65 and 62 % of the total individuals, respectively) than
in Barathricola (SP101) (39 %). Adult females outnum-
bered adult males in the cyclopoids (sex ratio = 0.63),
while the situation was reversed in harpacticoids (sex
ratio = 0.37).

The most remarkable feature of the copepod commu-
nity structure was the numerical dominance of only 2
benthic copepod species, Barathricola and Tisbe which
together represented ~93 % of the benthic copepods
and 61% of the total swimmers. Considering that
among the taxa examined only the calanoids and SP102
were planktonic, we can conclude that over 90 % of the
swimmers collected were benthic.

Swimmer temporal fluctuations

Fig. 5A shows the temporal distribution of total swim-
mer, total copepod and nauplii fluxes. Total swimmer

Table 2. Taxonomic composition, abundance and contribution

to total swimmers collected 4 m above bottom between 18

January 1996 and 15 April 1998 at the DYFAMED station.

Others: cumaceans, tanaids, gastropods, sea stars, chaeto-
gnaths and appendicularians

Taxon Abbreviation Number %

Copepods Cop 3949 75.2
Nauplii Nau 608 11.6
Annelids Ann 409 7.8
Nematodes Nem 101 1.9
Bivalves Biv 96 1.8
Ostracods Ost 29 0.6
Isopods Iso 20 0.4
Amphipods Amp 14 0.3
Others Oth 27 0.5
Total 5253 100
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Table 3. General features of the non-calanoid copepod species/groups. Single species are SP101 for cyclopoids, SP1 to 4, SP6 to
10, SP12, SP14 to 20, SP22 and Cer for harpacticoids; groups are SP102 for cyclopoids, SP5, SP1121, SP13 and Unk for harpacti-
coids. Sex ratio was calculated as the proportion of females to total adults. The immature copepodite stages are grouped under

juveniles

Family Genus Working species Number Sex

or group Females Males Juveniles Total ratio
Cyclopoida
Cyclopinidae Barathricola SP101 1095 633 1120 2848 0.63
Oncaeidae Oncaea SP102 70 44 211 325 0.61
Total 1165 677 1331 3173 0.63
Harpacticoida
Tisbidae Tisbe SP1 55 75 210 340 0.42
? SP2 9 18 1 28 0.33
? SP3 2 3 1 6 0.40
? SP4 3 1 5 9 0.75
Ectinosomatidae SP5 20 26 8 54 0.43
Huntermanniidae Talpina SP7 6 7 0 13 0.46
Canthocamptidae SP8 4 1 1 6 0.80
Canthocamptidae SP9 1 5 1 7 0.17
Canthocamptidae SP10 4 6 1 11 0.40
Miraciidae SP1121 2 1 0 3 0.67
Ameiridae SP13 2 3 0 5 0.40
Argestidae SP6 5 0 1 6 1.00
Argestidae Mesocletodes SP12 3 0 0 3 1.00
Argestidae Stylicletodes SP14 1 0 0 1 1.00
Argestidae SP15 2 2 0 4 0.50
Argestidae SP16 2 0 1 3 1.00
Argestidae SP17 1 2 1 4 0.33
Argestidae SP19 1 0 0 1 1.00
Argestidae Mesocletodes SP22 0 18 0 18 0.00
? SP18 1 1 0 2 0.50
? SP20 1 1 0 2 0.50
Cerviniidae Pontostatiotes Cer 0 3 10 13 0.00
? Unk 0 43 11 54 0.00
Total 125 216 252 593 0.37

fluxes varied greatly over time (26 to 361 ind. m™2 d!).
Their distribution generally matched that of total cope-
pods. Major copepod flux peaks occurred in early June
1996, early July 1997 and late September 1997. Nauplii
fluxes were more or less out of phase with those of
copepods, with one major peak in late October 1996.
Nauplii were not always present in the samples, nor
were annelids, bivalves or nematodes (Fig. 5B). Major
annelid and bivalve flux peaks were concomitant in
late November 1996, early July 1997 and early Sep-
tember 1997. Bivalves also peaked in early April 1996,
but annelids did not. Mean nematode flux was gener-
ally low (<2 ind. m~2 d7!), but the occurrence of these
organisms increased in early April and May 1996
(8 ind. m™2 d!). The fluxes of the 3 copepod orders,
cyclopoids, harpacticoids and calanoids, followed dif-
ferent patterns (Fig. 5C). The cyclopoid flux pattern
roughly followed that of total copepods, matching the
same 3 main peaks. Harpacticoid fluxes were low in
1996 with a peak in late November. In 1997, the first
flux peak in early July occurred at the same time as
that of the cyclopoids, but the second occurred earlier

in September. Calanoid fluxes were low and never
exceeded 10 ind. m~2 d~!. Fig. 5D shows the fluxes of
the 2 dominant copepod species, SP101 and SP1. Due
to the outstanding dominance of SP101 within the
cyclopoids, its temporal flux pattern coincided with
that of the order. For SP1, only the flux peak in early
July 1997 was concomitant with that of the harpacti-
coids. Other main peaks occurred either 1 mo earlier
(in late October 1996) or later in the month (in Septem-
ber 1997) than those of the order.

Temporal variations in swimmer fluxes were high
within years as well as between years. Fig. 6 shows
that the mean annual flux of copepods and annelids in
1997 was more than twice that measured in 1996. The
trend was reversed for nematodes, which were slightly
more abundant in the 1996 samples. Nauplii, bivalve
and calanoid mean annual fluxes were roughly the
same in both years. In contrast, those of the 2 dominant
copepod species differed greatly. They increased by a
factor of 3 for SP101 and by a factor of more than 4 for
SP1. Among the non-calanoid copepods, species/
groups composition also varied between 1996 and
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Fig. 5. Swimmer flux measured 4 m above bottom between 18 January

1996 and 15 April 1998. (A) total swimmers (Swim), total copepods (Cop)

and nauplii (Nau); (B) annelids (Ann) (units on left), bivalves (Biv) and

nematodes (Nem) (units on right); (C) cyclopoids (Cyclo), harpacticoids

(Harp) and calanoids (Cala); (D) flux of the 2 dominant copepod species,

the cyclopoid Barathricola (SP101) and the harpacticoid Tisbe (SP1)
(units on right)

1997. Of the 25 species/groups distinguished
(Table 3), 3 (SP4, SP6, SP20) only occurred dur-
ing the first year of the study, and 6 (SP1121,
SP12, SP14, SP15, SP18, SP19) only during the
second year. Since more harpacticoid species/
groups were present in 1997, harpacticoid spe-
cies diversity was higher in 1997 than in 1996.
Moreover, while only the oncaeids (SP102)
were equally represented in both years, out of
the 15 remaining species/groups, 3 (SP2, SP3,
SP9) were more abundant in 1996 and 12 were
more abundant in 1997.

Swimmers and environmental variables

To understand the swimmer temporal varia-
tions, we ran PCA in which active variables
were those of the environment. The first 3 fac-
torial axes explained 86.28 % of environmental
variability (Table 4). Axis 1 (57.35%) was
strongly correlated to the different particle
fluxes, and to V. to a much lesser extent,
in the negative values. Axis 2 (17.63%) was
strongly correlated to C:N ratios and V., in the
negative values, and to N-fluxes in the positive
values. Axis 3 (11.30 %) was significantly corre-
lated to V.« in the positive values, and to C:N
ratios in the negative values. Axis 1 can thus be
interpreted as representing ‘particle flux' in-
creasing in the negative values, Axis 2 ‘current
velocities that decrease particle quality’ in-
creasing in the negative values and Axis 3 ‘cur-
rent velocities that increase particle quality’ in-
creasing in the positive values. Because strong
near-bottom flow is likely to erode and resus-
pend refractory sediment, it will increase both
near-bottom particle fluxes (Axis 1) and the
C:N ratio of trapped particles by incorporating
‘old’ particles into the ‘fresh’ influx (Axis 2) (see
Lampitt 1985). On the other hand, current
velocities in excess of 7 cm s7! are sufficient to
elicit resuspension of loose, freshly deposited,
high quality aggregates (rebound flux) (see
Lampitt et al. 2001), thereby decreasing the
C:N ratio of trapped particles (Axis 3). Conse-
quently, Axis 2 would correspond to ‘erosion
current' and Axis 3 to ‘rebound current'.

Fluxes of 33 swimmer taxa/groups/species
(i.e. 8 higher taxa/groups, calanoids and 24 out
of the 25 working species/groups) were pro-
jected as supplementary variables in the planes
defined by the first 3 factorial axes (Fig. 7).
Highest dispersion of swimmer fluxes occurred
along Axis 2. Of the 99 resulting correlation
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Annual flux (ind. m=2 d=1)

140 — respectively), and for annelid and SP4 fluxes
Elgg? (r =-0.24 and -0.27, respectively) after 28 d.

120 1+ — Concerning the former, a cross-correlation
analysis (Fig. 9) confirmed a growth

100 1— - response. It showed that a peak of SP101
— juveniles within 14 d following the food influx

801 | led to a peak of adults within the next 14 d,
and that a peak of SP1 juveniles between 14

60 1 [1 and 28 d led to a peak of adults between 28
and 42 d. Moreover, the 14-d lagged PCA dis-

401 || || played effects that persisted in time. The cor-
relation coefficients of SP5, SP17 and SP22

20 | fluxes with Axis 1 in the positive values (low
particle flux) were improved (r = 0.33, 0.25

Fig. 6. Mean annual swimmer flux (ind. m % d"!) measured 4 m above bot-
tom in 1996 and 1997. Total swimmers (Swim), total copepods (Cop), nau-
plii (Nau), annelids (Ann), bivalves (Biv), nematodes (Nem), total cyclo-
poids (Cyclo), harpacticoids (Harp), calanoids (Cala), Barathricola (SP101)

and Tisbe (SP1). *values multiplied by 10

coefficients, 22 (involving 14 taxa/groups/species) were
significant (p < 0.05). Nematode (Nem) and SP6 fluxes
increased with increasing particle flux (r = -0.36 and
—0.30, respectively). They also increased with increas-
ing erosion current (r = -0.23 and -0.24, respectively),
as did SP2 and SP4 fluxes (r = -0.22 and -0.43, respec-
tively). This indicates that these benthic taxa/species
were passively resuspended by strong bottom flow.
Nematode and SP4 fluxes, along with those of nauplii,
ostracods, isopods, ‘others’, SP7, SP18 and SP20 in-
creased with increasing rebound current (r = 0.27,
0.32, 0.22, 0.24, 0.24, 0.37, 0.26, 0.23 and 0.23, respec-
tively), indicating that they entered the water column
on rebound aggregates. The fluxes of nauplii, ostra-
cods and SP5 increased when particle flux was low (r =
0.28, 0.30 and 0.25, respectively), probably because
these organisms entered the water column actively in
response to food shortage. The fluxes of ostracods,
SP10 and SP18 increased when erosion current de-
creased (r = 0.26, 0.29 and 0.25, respectively), reveal-
ing avoidance of resuspension by strong bottom flow.
Only SP102 fluxes were negatively correlated to
rebound current (r =-0.34).

Fig. 8 shows the temporal patterns of environmental
conditions summarized by the observation coordinates
on the 3 factorial axes (top) along with those of SP101
and SP1 fluxes (bottom). It suggests that the temporal
fluctuations in these 2 species’ fluxes involved lagged
reactions. Because PCA Axis 1 includes the food for
deep-living organisms, any improved correlation in
the negative values of this axis after lagging the
swimmer fluxes by 1 and 2 collection periods would
reveal a population growth response. This was indeed
observed for SP101 and SP1 fluxes (r =-0.22 and -0.38,

Swim Cop Nau Ann Biv* Nem* Cyclo Harp Cala SP101 SP1*

and 0.26, respectively), suggesting that
aggravated food shortage enhanced the
active entry into the water column of these
groups/species. The correlation coefficient of
some species fluxes with increasing erosion
current (Axis 2 in the negative values) were
either improved (SP3, r = -0.29; SP6, r =
—0.41) or remained significant (SP4, r = —0.34), indicat-
ing that once eroded by strong bottom current, these
species accumulated in the water column and did not
re-enter the benthos within the following 2 wk. The
correlation coefficients of nematodes, SP17 and SP18
fluxes with increasing rebound current (Axis 3 in the
positive values) were also improved (r = 0.30, 0.29 and
0.35, respectively), indicating that these organisms
accumulated in the water column on rebound aggre-
gates. Finally, increased erosion current (Axis 2 in
the negative values) led to a significant decrease in the
fluxes of annelids, bivalves, calanoids, SP101, SP1,
SP8, SP10, SP17, SP18 and SP22 (r = 0.33, 0.25, 0.34,
0.34, 0.26, 0.24, 0.23, 0.40, 0.34 and 0.41, respectively)
within the following 2 wk. This suggests that the
organisms either avoided the water column (active
behavior) or that erosion had a lethal effect on them
(passive). Table 5 summarizes the different responses
revealed by the statistical analyses for 23 of the 33
swimmer taxa examined.

Table 4. Correlation coefficients between active variables and

principal components analysis factorial axes. Bold: p < 0.05.

MASS.: total dry flux; CPE: chloroplastic pigment equivalents;
Org C: organic carbon; Vj,,x: maximum current velocity

Active variables Axis 1 Axis 2 Axis 3
MASS -0.85 -0.14 -0.15
CPE -0.84 +0.12 +0.05
CaCO; -0.94 -0.07 -0.07
Org C -0.95 +0.13 -0.06
N -0.83 +0.36 +0.12
C:N -0.20 -0.80 -0.48
Vinax -0.29 -0.64 +0.71




Guidi-Guilvard et al.: Meiobenthos dynamics in the benthic boundary layer

189

Axis 2 (17.63 %)

-1 0

+1

+0.5

SP‘Q Ost

*SP18 L4

| opy COPC e SP13
xR AN gy

4 SP101 " .
«SP15 SP12
othe SP8 S 0 22
«SP19

SP1121

Bive Gala «spie
Iso .Amp

SP20

sp2’

*SP5

Nau

0 1«

| Particle

flux
SP7e

[ I
Nem sp6

Erosion
current

SP4

-0.5 T

-0.5 0 +0.5

+0.5 y'y
Rebound current

Othe@
SP4
S.P‘] 8
SP13
oSP17

4 Nem

® gp7e

. SP20

| SP6 © Biv.C.er
Cop

SP1% SP3

SP10° ¢

-

SP101

Iso Ost

P5 o®

Nau
Ann

Pspio
oe ,SP22

SPT14 SP16
*SP9 *SP12
® Amp

0)

0 4«

4 Particle
flux

Cala

SP102

-0.5 T T T T T T T T

-0.5 0 +0.5

Axis 1 (57.35%)

Fig. 7. Principal component analysis correlation circles showing the distribution of the different swimmer taxa projected as supple-

mentary variables (dots and stars indicate tips of vectors) in the planes defined by the first 3 factorial axes explaining 86.28 % of en-

vironmental variability. Left panels display only major taxa (large dots). Right panels are close-ups that display all taxa except total

cyclopoids, harpacticoids and unidentified specimens (small grey dots are species/groups, stars are the 2 dominant species). In the

close-up of Axes 1 and 2 (top), labels of SP9, SP14 (near the centre) and SP102 (near SP101) were omitted. Likewise for SP2, SP15 and

SP1121 (near the centre) in the close-up of Axes 1 and 3 (bottom). MASS: total dry flux; CPE: chloroplastic pigment equivalents;
Org C: organic carbon; V;,,x: maximum current velocity. See Tables 2 & 3 for other abbreviations

DISCUSSION
General considerations
In bathyal and abyssal habitats, the benthopelagic

community or hyperbenthos (see Mees & Jones 1997)
has typically been sampled with specially designed

plankton nets, benthic trawls and nets or pumps on
submersibles. These techniques have been used to col-
lect samples for species descriptions, community struc-
ture (e.g. Wishner 1980) and food-web analyses (e.g.
Buhring & Christiansen 2001), as well as metabolism
measurements (e.g. Smith et al. 1987). They have led
to the general agreement that the near-bottom plank-
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ton of most deep-sea environments is numerically
dominated by copepods, which contribute between 50
and >90 % of the benthopelagic community. The pre-
sent study in the deep NW Mediterranean, with a dif-
ferent sampler (i.e. sediment traps) also showed a high
dominance of copepods, which comprised on average
75 % of the organisms collected. While previous inves-
tigations essentially sampled planktonic organisms,
the great majority (90 %) of the organisms collected in
the present study were benthic. This discrepancy
could be caused by the large mesh sizes used in tradi-
tional benthopelagic studies (=183 pm) and/or by the
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different heights above the bottom sampled (generally
>10 mab, but see Smith et al. 1987). The differences
could also result from the gear itself or from specifici-
ties of the deep Mediterranean. Note that virtually
none of the traditional benthopelagic studies sampled
the same location more than once, probably because of
logistic constraints. Sediment traps currently used to
measure oceanic particle fluxes, inevitably collect
swimmers (see Karl & Knauer 1989). While these are
usually removed (and discarded) because they artifi-
cially augment the trap contents, one may be missing a
chance to obtain time-series samples of an organism of
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Fig. 9. Correlations between principal component analysis Axis 1 and fluxes of the different life history stages of SP101 and
SP1 lagged in 14-d increments
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interest. On a few occasions, sediment traps have been
used to study seasonal variations of mid-water zoo-
plankton in ‘hostile’ environments such as the polar re-
gions (Hargrave et al. 1989, Seiler & Brandt 1997,
Willis et al. 2006). Most studies have focused on the
analysis of the ‘contaminating’ effect of swimmers on
particle flux organic content (e.g. Steinberg et al.
1998). A few studies have used sediment traps to in-
vestigate the occurrence of meiofaunal taxa in the wa-
ter column of shallow coastal settings (e.g. Hagerman
& Rieger 1981, Shanks & Edmondson 1990). None have
previously been conducted in the BBL of the deep sea.

The BBL, i.e. the layer of water typically tens of metres
thick above the seabed, is a highly variable environ-
ment. According to Lampitt (1985) and Lampitt et al.
(2000, 2001), material collected in near-bottom sedi-
ment traps gives a measure of apparent flux as
opposed to the primary flux measured higher in the
water column. Traps set within the BBL collect mater-
ial that is a mixture of particles from 3 sources: (1) par-
ticles that have settled directly from the overlying
water column (primary flux), (2) mineral particles that
have been eroded from the sediment (erosion flux) and
(3) freshly deposited particles that have been resus-
pended from the local seabed (i.e. rebound flux). The
contribution of the latter 2 to the former depends on
bottom current speed, which can be highly variable, as
shown in the present study. Gardner & Richardson
(1992) reported that burst events lift particles off the
seafloor and resuspension occurs primarily when bot-
tom current speed exceeds a critical value, i.e. ~11 to
12 cm s7! for sediment erosion and ~7 cm s7! (at 1 mab,
Lampitt 1985) for resuspension of newly arrived detri-
tal aggregates. These authors suspected that quite
subtle changes in the near-bottom current regime
would have substantial effects on the structure of both
benthic and benthopelagic communities.

The metazoan meiobenthic community at the
DYFAMED station is typical of deep-sea muddy bot-
toms (see Giere 2009), with densities ranging from 133
to 770 ind. per 10 cm? (Guidi-Guilvard 2002). Nema-
todes dominate (88.8 %) and are followed by copepods
(harpacticoids and cyclopoids) along with their nauplii
(9.6%) and annelids (1.1%). Other groups are rare
(<0.6 %). The vertical distribution of organisms in the
sediment column is also typical of the deep sea. About
94 % of the ostracods, 80% of the copepods and the
nauplii, 52% of the annelids and 40% of the nema-
todes occur in the top 1 cm of sediment (L. D. Guidi-
Guilvard unpubl. data), the layer most exposed to
physical reworking. Thistle et al. (1991) reported that
during benthic storms, near-bottom current speeds
similar to those measured at the DYFAMED site in
April 1996 (>20 cm s7!) could erode as much as 1 cm of
sediment. So, given the hydrodynamic context, it is not

surprising that the benthopelagic community was
largely composed of the benthic taxa that tend to con-
centrate near the sediment surface.

Organism responses to environmental variability

The behaviour and reactions of deep-sea inverte-
brates to their environment are poorly known. The
interpretation of our results is therefore partly based
on what has previously been reported for their coun-
terparts in shallow-water and laboratory studies. We
found that the organisms collected 4 mab in the deep
NW Mediterranean had both immediate and delayed
responses to environmental variability (Table 5). These
responses involved both passive and active behav-
ioural reactions, as well as population growth.

Nematodes are typically weakly or non-swimming
organisms (e.g. Shanks & Edmondson 1990). In the
present study, they were eroded by strong bottom cur-
rents. Passive erosion of nematodes has previously
been reported from both shallow-water (e.g. review by
Palmer 1988, Guidi-Guilvard & Buscail 1995) and
deep-sea (e.g. Aller 1989) environments. However,
after having been eroded, the nematodes did not accu-
mulate in the water column, which indicates rapid
settlement. Hagerman & Rieger (1981) reported that
nematodes had a particularly high settling velocity,
probably because they cling to resuspended mineral
particles. We found that nematodes also entered the
water column after having colonized rebound aggre-
gates, and in this case, did accumulate in the water col-
umn. Colonization of fresh phytodetrital aggregates by
nematodes was observed on top of sediment cores
from the deep NE Atlantic by Thiel et al. (1989), and
Shanks & Edmondson (1990) noted that nematodes
collected by sediment traps set ~12 mab in a shallow
coastal bay were strongly associated with marine
snow. According to these authors, marine snow is a
sediment-like habitat suspended in the water column,
in which nematodes reside (Shanks & Walters 1997).
Despite their high abundance in the sediment, nema-
tode fluxes were comparatively low at 4 mab (maxi-
mum of 8 ind. m2 d™'). This value nevertheless is simi-
lar to that reported by Hagerman & Rieger (1981) from
1.5 mab in the shallow subtidal (i.e. 10 m~2 d"!). Among
the numerous nematode species present in deep-sea
sediments, probably only a few feed on fresh phytode-
tritus (see Iken et al. 2001), because most nematodes
are linked to a short detrital or bacterial-based food
chain within the sediment (Giere 2009). Moreover,
they can avoid physical disturbance by moving deeper
(e.g. Palmer 1988, Galéron et al. 2001).

Three harpacticoid species (SP2, SP4 and SP6) were
also eroded by strong bottom currents. In contrast to
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the nematodes that rapidly settled, SP4 and SP6 accu-
mulated in the water column in the following weeks, as
did SP3. All 4 harpacticoid species were either more
abundant in 1996 than in 1997 (SP2 and SP3) or only
present in 1996 (SP4 and SP6) when benthic storms
occurred. Among these harpacticoids, only SP4 was
found to colonize rebound aggregates, along with SP7,
SP18 and SP20. The huntermanniid Talpina (SP7) has
been observed in the sub-surface layers of sediment
cores at the DYFAMED station (L. D. Guidi-Guilvard
pers. obs.). Although its morphology shows strong
adaptations for burrowing, our results suggest that it
moves upwards in the sediment to feed on freshly
deposited detritus. Our analyses show that only a few
harpacticoid species found in the water column were
associated with rebound aggregates. Likewise, Shanks
& Edmondson (1990) reported that only 25% of the
vertical flux of harpacticoids was due to individuals on
marine snow. Most harpacticoids in the water column
only 'visit' aggregates and actively swim away (Shanks
& Walters 1997). In the present study, other inverte-
brates were found to colonize rebound aggregates, i.e.
isopods, tanaids, gastropods and sea stars (the 3 latter
were included in ‘others’). Isopods (in Gage & Tyler
1991) and tanaids (in Higgins & Thiel 1988), which are
detritivores, probably feed on freshly deposited aggre-
gates, and phytodetritus was found in the gut of deep-
sea asteroids (Thiel et al. 1989).

Freshly deposited aggregates were colonized by
cumaceans (included in ‘others’), ostracods and nauplii
that have good swimming abilities. The 2 latter groups,
along with SP5 (ectinosomatids) were also more abun-
dant in the water column when particle flux (food for
the benthos) was low. In coastal habitats, many benthic
taxa that are good swimmers, e.g. amphipods, ostra-
cods, polychaetes (Mees & Jones, 1997) and harpacti-
coid species (e.g. Bell et al. 1988) make excursions into
the water column (emergence). Ectinosomatids are
good swimmers, and within this harpacticoid family,
many species have been identified as emergers, both
in shallow water (e.g. Thistle 2003) and in the deep-sea
(Thistle et al. 2007). In the present study, emergence
of ostracods, nauplii and SP5 was probably a response
to a local decline in food, a reason often invoked to
explain harpacticoid emergence (e.g. Thistle et al.
2007). When low food conditions persisted, this response
was enhanced for SP5, as well as for SP17 and SP22.

The 2 dominant copepod species, SP1 (Tisbe) and
SP101 (Barathricola), also emerged. Both were present
in trap samples and in sediment cores (L. D. Guidi-
Guilvard pers. obs.). Following Thistle (2003) and This-
tle & Sedlacek (2004), SP1 has the morphology of an
emerger. We are not aware of equivalent rules for ben-
thic cyclopoids, but the genus Barathricola is known to
lead an epibenthic lifestyle (Boxshall & Halsey 2004).

These 2 species exhibited a clear population growth in
response to food pulses, but SP101 responded faster
than SP1. Development time found in the present
study for SP1 is within the range of those reported
for Tisbe species reared in the laboratory at equiva-
lent temperatures (Hicks & Coull 1983). Such a lag
response, although strongly expected in deep-sea ben-
thic ecology studies, had never been shown before
for meiobenthic copepods (review by Gooday 2002,
Kalogeropoulou in press). Our statistical analyses fur-
thermore showed that fluxes of annelids (essentially
larval polychaetes) and SP4 also increased within the
month following a food pulse. Similarly, Vanreusel et
al. (2001) described a mass recruitment of opheliid
polychaete juveniles in response to a phytodetrital
input in the surface sediment of the deep NE Atlantic.
In the present study, the increases in abundance were
found in the water column, but they most certainly
reflected those that were taking place in the benthos.
At least for the 3 copepod species, the individuals
could have emerged as a result of overcrowding,
another reason often invoked in shallow-water studies
to explain harpacticoid emergence. Walters (1991)
observed that Tisbe furcata exhibited increased emer-
gence frequency with increased harpacticoid density
in the surface sediment. Reproductive activity has also
been suggested as a possible explanation for emer-
gence (e.g. Bell et al. 1988). In our trap samples, males
of SP1 outnumbered females, which is in agreement
with observations on shallow water harpacticoids.
Immature individuals were moreover very abundant
(copepodites accounted for 62% of the SP1 popula-
tion). Because in harpacticoids, adult males mate with
subadult females (Hicks & Coull 1983), the dominance
of these 2 stages suggests that they were mating in the
water column. However, from a study conducted on a
shelf site, Thistle (2003) concluded that harpacticoids
do not emerge primarily to find mates. Emergence
behaviour would favour dispersal. The individuals col-
lected at a site, especially high above the bottom like in
the present study, do not originate from the local
seabed. They come from some distance away from
where they were advected in. As suggested by Bell et
al. (1989), the co-occurrence of males and potential
mates (copepodites) in the water column may be a
strategy for re-establishment of a new population when
the fauna actively re-enter the benthos on new grounds.

Concerning benthic cyclopoids, very little informa-
tion is available in the literature. Most ecological stud-
ies are limited to planktonic species (e.g. Turner 1986,
Uye & Sano 1998). The population of SP101 in our sam-
ples was dominated by females. This is in agreement
with what is reported for planktonic cyclopoids. How-
ever, its behaviour and responses to environmental
variability were closer to those of the harpacticoid SP1
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than to those of SP102, a group of holoplanktonic
cyclopoids. In the present study, SP102 was the only
group that avoided rebound aggregates. Shanks &
Edmondson (1990) also noted that cyclopoid copepods
were weakly associated with marine snow. Although
oncaeids have been observed feeding on these struc-
tures (e.g. Lampitt et al. 1993), they can also be carni-
vores (e.g. Turner 1986).

Our statistical analyses showed that ostracods, the
canthocamptid SP10 and SP18 avoided resuspension
by strong bottom flows. Moreover, the fluxes of the 2
latter species, along with those of 2 argestids (SP17 and
SP22), another canthocamptid (SP8), SP1, SP101,
calanoids, bivalves and annelids decreased in the fol-
lowing weeks. Many benthic organisms are capable of
avoiding physical disturbance by moving deeper into
the sediment (e.g. Galéron et al. 2001). This could
explain our results for the benthic fauna, but for
calanoids rough hydrodynamic conditions could have
enhanced mortality. Most of the above benthic taxa
were designated as emergers by our statistical analy-
ses. Thus our results confirm Thistle's (2003) conclu-
sion that energetic flows suppress emergence. This
view is moreover supported by the strong interannual
variation found in the present study, i.e. swimmer
fluxes were much lower in the year of energetic flows.
Of the 10 taxa for which the statistical analyses pro-
duced no information, 5 (i.e. the miraciids SP1121 and
the argestids SP12, SP14, SP15 and SP19) were absent
in that year, perhaps indicating that they, too, were
emergers.

CONCLUSIONS

This investigation, based on an often overlooked
sampling technique, produced the most comprehen-
sive time series of hyperbenthos (meiobenthos) ever
conducted in the deep sea. In a single study, most of
the dispersal mechanisms, both by passive erosion/
suspension or active emergence, previously reported
for intertidal and shallow-water benthic organisms
were encountered at 2347 m depth in the NW Mediter-
ranean. The present study has led to new insights on
the behaviour of deep-dwelling species, most of which
have not yet been described, particularly within the
typical deep-sea family Argestidae, some of which
actively perform emergence. Some deep-sea species
displayed a clear and rapid population growth in
response to pulses of organic-rich detritus to the
seafloor, a response that has never been shown before
for deep-sea meiobenthic copepods. Moreover, our
results underline the highly dynamic nature of deep-
sea meiofauna populations, which could, in part, ex-
plain the (absence of) temporal variability generally

observed in sediment communities. Overall, the pre-
sent study emphasizes the remarkable similarities in
the general processes, whether physical or biological,
between coastal and deep-sea environments.
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