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based on biological interactions and/or ablotic processes; e.g.
Intermediate Disturbance Hypothesis [19], Dynamic Equilibrium
Model [20]. In applying these models to the benthic environment,
changes in sedimentary trophic parameters and physical distur-
bances may regulate deterministic biotic processes, leading to the
large and small-scale patterns in benthic fauna. Specifically applied
to the deep sea, Levin et al. [21] presented a schematic model based
on five ecological forces (productivity, flow, bottom-water oxygen,
sediment heterogeneity, biotic disturbance) to predict regional-scale
variation of local diversity (1-10 m?). For the smaller benthic fauna,
the meiofauna (32-1000 um), one could even look at smaller spatial
scales and include the vertical sediment profile in explaining
community and diversity patterns. Such patterns along the vertical
sediment profile may be explained by trophic conditions and
oxygen concentration in the different sediment layers; e.g. TROX
model for Foraminifera [22]. Following this concept, Soetaert et al.
[23] suggested that similar processes may control benthic nematode
community patterns. Based on various interpretations of environ-
mental variation in the different schematic models it 1s likely that
there 1s a hierarchical interaction between environmental drivers
which regulates abundance and diversity of the meiofauna on
various spatial and temporal scales.

Canyons and channel systems provide suitable habitats to test
the effect of natural disturbances on benthic faunas. High organic
loads and variable sedimentary trophic conditions, variable
frequency and intensity of disturbance events, and sediment
heterogeneity are all features ascribed to canyon and channel
systems and may be used to explain benthic faunal patterns.
Furthermore, it has become increasingly clear that variability
between canyons and even within one canyon system Is very high
and that productivity and disturbance processes can shape
meiobenthic communities differently [10,11,24]. Due to this high
variability, studies investigating how processes that affect the
sedimentary environment influence the benthic fauna in canyons
and channel systems should be conducted on a scale that not only
allows for sedimentary contrasts on a cm-scale, but also includes
comparisons between different canyons or channels and water
depths. The extent to which sedimentary conditions and processes
control standing stocks, and structural and functional diversity of
melobenthic communities in canyons and channels would provide
important information on how benthic communities are shaped
and what drives diversity in these environments.

The Gollum Channel system and Whittard Canyon along the
Irish Margin have only recently been subject to more intensive
investigations, primarily within the framework of the EU FP6
HERMES project, and therefore little previous information is
available [25,26], especially on the biology of the benthos [27,28].
In this first study on nematode communities — as representative for
the metazoan meiofauna - from these two areas we tested
nematode standing stocks, diversity, and community structure for
differences between study sites, water depths, and sediment depths.
Differences are interpreted in relation to biogeochemical param-
eters, trophic characteristics and sediment disturbance processes.
Given the high habitat heterogeneity and environmental variabil-
ity in these canyons and channels, we hypothesise that the
nematode assemblages will be largely controlled by small-scale,
local environmental conditions rather than large-scale differences
between canyons or water depths.

Materials and Methods

Sampling and study area
During the HERMES RV Belgica 2006/13 cruise, 23-29 June
2006 [29] to the Irish Margin, meiofauna samples were taken
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using a Midicorer (MDC, Ocean Scientific International Ltd),
yielding samples with a virtually undisturbed sediment-water
mterface. The MDC was equipped with four core tubes with an
inner diameter of 100 mm, but 57 mm diameter subcores were
taken for meiofauna and nematode analyses. Two sites in the
Gollum Channel system were sampled at ca. 700 and 1000 m
depth (G700 and G1000, respectively) as well as two stations in
between two north-eastern branches of the Whittard Canyon at
similar depths (W700 and W1000, respectively). An overview and
details of the sampling areas are provided in Fig. 1.

The Gollum Channel system has been described as a tributary
channel system incising the upper slope of the south-eastern
Porcupine Seabight [30,31]. It converges into one main channel,
the Gollum Channel, which opens into the Porcupine Abyssal
Plain. Samples were taken in the most northerly channel of the
Baggins branch of the channel system, the Bilbo Channel [32].
The Gollum Channel system lies along the NE Atlantic Margin
where the water mass characteristics in the upper 1000 m are
dominated by Eastern North Atlantic Water and Mediterranean
Outflow Water. This results in relatively warm (8—10°C) and saline
water (ca. 35.5) between 700 and 1000 m depth, with weak
vertical temperature and density gradients [33]. Hydrographic
activity in the Bilbo Channel was investigated by White [33] and
indicated mean currents of 4.7 cm s~ ' with a maximum recorded
speed of 53 cm s~ ', The flow in the canyon channel is dominated
by the semi-diurnal tide and is fairly dynamic, resulting in currents
strong enough to produce significant turbidity. Like many other
canyon and channel systems, there appears to be a significant
down-slope flow of suspended material within the Bilbo Channel
[34].

The Whittard Canyon consists of a number of deeply incised
branches that extend from the shelf break south of the Goban
Spur. Further down canyon, the walls are lower but the branching
nature of this canyon continues towards the canyon fan at abyssal
depths [26]. The sampling stations in the Whittard Canyon were
situated on an interfluvial area covered in fine sediments in
between two upper NE branches (Fig. 1). In the upper reaches of
the canyon down-slope sediment transport is dominated by
turbidity currents. These mud-rich flows are of sufficient size to
overspill the canyon walls, leading to deposition of mainly fine
sediments, e.g. muds and clays, on the adjacent contmental slope
[4]. Along the Celtic Shelf edge a mean northwestern along-slope
flow of ca. 6 cm s~ ' has been reported [35].

Biogeochemistry

Each 1-cm-thick slice from three replicate cores at each
sampling site (two for G700) were analysed for granulometric
and geochemical parameters down to the 5-cm level. Grain size
distribution was measured with a Malvern Mastersizer 2000 (0.02—
2000 um size range). For total sedimentary organic carbon (TOC)
and nitrogen (TN), samples were lyophilised, homogenised and
acidified with 1% HCI until complete decarbonisation and dried
before being analysed with a PDZ Europa ANCA-GSL elemental
analyser (UC Davis, USA). Chloroplastic Pigment Equivalents
(CPE: sum of chlorophyll a (chl-a) and its degradation products
(phaeopigments)) [36] served to estimate the amount of sedimen-
tary OM derived from primary production. Sediment samples
were lyophilised and homogenised, after which pigments were
extracted in 90% acetone, separated using reverse-phase HPLC,
and measured with a Gilson fluorescence detector according to
Wright & Jeffrey [37]. The ratio chl-a:phaeopigments was used as
a measure of ‘freshness’ of the photosynthetically derived OM in
the sediments, the ratio chl-axTOC gives an indication of the
bioavailability of the bulk OM.

May 2011 | Volume 6 | Issue 5 | €20094


http://www.plosone.org

A ]
#
# ) ( S
# *+ 1 |
( L+
! "o#
( ( . ( 8 G ( @ ! %
- ! ! " Lo e | . (@ ! @-# DI/D "
3! ( ( ( 8 ( ( 4R + Qoo " " o (G - ( U K44L
# " " ( 2225 ( ( ( ( « c " (5 5
D 5 ! I & "o 2/ 3 KDCL/ & ! ! (
( ! 5 1< ! (G ( ( (
@ P KD7 DCL ( ( % / M bl ( ! (
! ! ( 8 ( ( ( ( !
? S & K42L (! ( ( 5 ( ( /
1o *32 8 ! / ( 225 32
( ( " '9 ( ( ! ( !
( ( 5 5 I & < ! ( * ( (
KD7L ( ( ( 1 + ( ( <! 5 ( 5 (
" ! 9 ( ) TR ! ( 5 !
K4 L 8 ! ( +:;% A% -+% K43 46L.
( + ( K4 L/ ! () (
( ( ) K4DL B ! ( ( ( /I & (
( * 5 ! ( ( * (( 45 | 8 (  ( ol B
* ., ( ( E ! o (( (**' G 8 (. ) *) G 8 (. # ( *# G 8
( ( ( " ' G 1 ! G ( (
! ( ( ( D A A% -+:;8$-X A% ,% K46L./ # !
! ( [N ! ( ! ( " | (" |
) U ( K4DL/ @ =81 | 5 ( " ( ( (

A@ # ;+,"""] / D 2 N $ 6 N 3 N 22C4


http://www.plosone.org

analysis whereby the main-factor test was followed by pair-wise
comparisons within each CaxWD combination to investigate
significant interaction effects in the full-model test. A non-metrical
Multi-dimensional scaling plot (MDS) was used to visualise the
PERMANOVA results and illustrate the three-way interaction
terms. The MDS was obtained by calculating the centroids of the
three-way interaction cell groupings in the full multivariate Bray-
Clurtis space, followed by calculating the distances among them
(PERMANOVA+ for PRIMER ([46]). A two-way crossed
(Ca,WD) univariate  PERMANOVA test was performed on
average biomass data (data was fourth-root transformed, resem-
blance calculated with Bray-Curtis). Averaging the biomass data
over replicates gave a more realistic estimate of the true biomass
per sediment layer, station and canyon.

A two-way crossed (factors: Canyon and Water Depth)
SIMPER (Similarity Percentages — species contributions) analysis
was performed to reveal which genera are responsible for the
multivariate community patterns within and between canyons and
water depths.

Structural diversity of the community was calculated using Hill’s
[47] diversity numbers (Hy, H;, Hs, H,y, estimated number of
genera (EG(51), [48,49]). Functional or trophic diversity (TD) was
calculated as the reciprocal value of the trophic index (@~ by
Heip et al. [50], so that higher values correspond with higher TD,
based on relative abundance data.

The full set of 18 available environmental variables was tested
for collinearity (Draftsman plot and Spearman correlation matrix)
and (redundant) variables with correlations (r”) >0.9 were omitted
from the model; chl-a, chl-a:phaco, chl-a:TOC,a nd CPE:TOC
needed log(X+0.1) transformation to compensate for skewness. For
analysis of selected geochemical variables (chl-a, CPE, chl-
arphaeo, chl-a:TOC, TOC, TN, C:N, mean grain size), separate
univariate  PERMANOVA tests were performed (data was
normalised, Euclidean distance was used to calculate resem-
blance). The PERMANOVA design was identical to the one used
for community analysis. RELATE and DISTML (distance-based
linear model) routines were performed [51,52] to analyse and
model the relationship between the nematode genera assemblages
and the environmental variables (chl-a, CPE, chl-a:phaco, chl-
a'TOC, CPETOC, TOC, TN, C:N, mean grain size). The
assemblage DISTML was constructed using the step-wise selection
procedure and the adjusted R? as selection criterion to enable the
fitting of the best explanatory environmental variables in the
model [31]. In addition, DISTLM models were calculated for
selected biotic paramaters (Nematode density, relative abundance
‘chemosynthetic’ Astomonema nematodes, total nematode biomass,
biomass ‘chemosynthetic” Astomonema, trophic diversity (TD), Hill’s
diversity numbers H,, H;, and expected number of genera
(EG(51)). Euclidean distance was used as resemblance measure in
all DISTLM procedures. Complementary to these analyses, non-
parametric Kendall-Tau correlations were computed between the
same selected biotic parameters and abiotic variables for each of
the canyon/channel systems.

Results

Sediment characteristics

Biogeochemical properties of the sediment are shown in Figs. 2
and 3. Grain-size fractions differed significantly between study areas
and individual stations (p<<0.01, Table S1). Highest muddy clay and
silt content were observed at W700 and highest sand content at
G700 (Fig. 3). At station W1000, the sediment became finer with
increasing sediment depth, whilst at the other stations average grain
size values declined slightly with sediment depth (Fig. 3).
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Sedimentary TOC (p<<0.05) and TN (p<<0.01) contents differed
significantly between stations (CaxWD, Table S1). TN also
differed significantly between canyons and water depths (p<<0.03,
Table S1), which was supported by significant pair-wise compar-
1sons within each canyon or water depth group (data not shown).
C:N only differed significantly between stations (p<<0.03, Table
S1). Station W700 was characterised by highest average total-core
TOC and TN content, followed by G1000, G700, and W1000,
respectively (Fig. 2). At stations G1000 and W700, average total-
core TOC, TN and C:N values were higher compared to G700
and W1000 (Fig. 2), indicating higher amounts of OM with
greater fractions of terrestrial and/or very degraded OM at these
stations. No clear gradients were observed along the vertical
sediment profile for TOC, TN, and C:N (Fig. 3).

Chl-a differed significantly between canyon areas and water
depths (p<<0.05, Table S1), but the test showed a significant
interaction term (CaxWD), which indicates station differences
(p<<0.01, Table SI). Subsequent pair-wise comparisons within
each canyon and water depth level showed that these were due to
significant differences between W700 and the other stations (data
not shown, but see Fig. 3). CPE levels contrasted significantly
between water depths (p<<0.05, Table S1), but these were also
caused by contrasting values between W700 and the other stations.
CPE and chl-a concentrations were clearly higher at W700 than at
other stations (Fig. 2, 3) and decreased significantly with sediment
depth at all stations (p<<0.03, Table SI; Fig. 3). The ‘freshness’
(chl-a:phaeo) and bio-availability (chl-a: TOC) of OM decreased
significantly with sediment depth at each station (p<<0.01, Table
S1; Fig. 3), but did not contrast between canyon areas, water
depths or stations (Table S1). Sediments at W700 showed higher
chl-a:phaeco and chl-a:TOC compared to the other stations,
indicating the presence of more ‘fresher’ and bio-available OM.

Metazoan meiofauna

A total of 21 higher meiofauna groups were identified of which
20 occurred in the Gollum area and 15 in the Whittard area
(Table S2). The most diverse station was G1000 with 18 different
groups. Nematodes were consistently the dominant taxon (90.2—
95.2%), followed by nauplius larvae (1.51-4.30%) and copepods
(1.06-2.94%). Other taxa such as polychaetes and tardigrades
occurred typically in lower abundances (<1 %). Highest meiofauna
abundance was recorded at G1000 (Table 82, Fig. 2), but was still
similar to abundances at other stations because of high variability
between replicates. Total meiofauna abundances consistently
decreased with increasing sediment depth.

Nematodes

Nematode community and biomass. The PERMANOVA
community results indicated significant differences between the
Gollum and Whittard areas, water depths, sediment layers, and
stations (p<<0.01, Table 1). The significant three-way interaction
term (CaXWD xSD) called for pair-wise comparisons within each
two-factor combination to Investigate the nature of the effect
(Table S3) and the MDS plot in Fig. 4 clearly shows the reasons for
the three-way interaction suggested by the pair-wise comparisons.
There is the pattern of a gradient across the different sediment
layers from the upper left (0—1) to the lower right (4-5), but the size
of the sediment-layer effect is very different in the different
canyons and at different water depths (Fig. 4). More specifically,
W1000 has a very modest sediment-layer effect, while W700 has a
much larger effect, spreading practically all the way across the first
MDS axis (Fig. 4). Overall, the surface layers (01 cm) are much
more similar than the deeper layers, since all 0—1 c¢cm points are
more densely grouped. The difference between water depths is
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