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Abstract:

The poorly known ferromanganese nodule fauna is a widespread hard substratum community in the
deep sea that will be considerably impacted by large-scale nodule mining operations. The objective of
this study was to analyze the spatial distribution of the fauna attached to nodules in the Clarion-
Clipperton Fracture Zone at two scales; a regional scale that includes the east (14°N, 130°W) and the
west (9°N, 150°W) zones and a local scale in which different geological facies (A, B, C and west) are
recognizable. The fauna associated with 235 nodules was quantitatively described: 104 nodules from
the east zone (15 of facies A, 50 of facies B and 39 of facies C) and 131 nodules from the west zone.
Percent cover was used to quantify the extent of colonization at the time of sampling, for 42 species
out of the 62 live species observed. Fauna covered up to 18% of exposed nodule surface with an
average of about 3%. While species richness increased with exposed nodule surface, both at the
regional and at the facies scales (except for facies A), total species density decreased (again except
for facies A). When all nodules were included in the statistical analysis, there was no relation between
faunal cover and exposed nodule surface. Nevertheless, faunal cover did decrease with exposed
nodule surface for the east zone in general and for both facies B and C in particular. Species
distributions among facies were significantly different but explained only a very small portion of the
variance (not, vert, similar5%). We identified two groups of associated species: a first group of two
species and a second group of six species. The other species (34) were independently distributed,
suggesting that species interactions play only a minor role in the spatial distribution of nodule fauna.
The flux of particulate organic carbon to the bottom is the only major environmental factor considered
to vary between the two zones within this study. We conclude that the higher species richness and
higher percent faunal cover of the east zone can be partially attributed to greater food availability
derived from surface inputs. Moreover, the surfaces of facies B and C nodules had a complex, knobby
micro-relief, creating microhabitat heterogeneity that may also have contributed to the greater species
richness observed in the east zone.

Keywords: Ferromanganese nodules; Fixed fauna; Agglutinated foraminifera; Geographical
distribution; Environmental factors; Environmental impacts



1. Introduction

Faunas that encrust ferromanganese nodules are poorly known, even though the hard
substratum formed by the nodules is widespread in the deep sea, particularly in the
Pacific Ocean where they may cover more than 50% of the seafloor (Smith and
Demopoulos, 2003; Thistle, 2003). Nodules represent a valuable natural resource.
However, in order for nodule mining to be economically viable, exploitation will
likely be at scales of tens to hundreds of thousands of square kilometres (Glover and
Smith, 2003; Thiel, 2003). Among the potential impacts of nodule mining is the
destruction of the fauna attached to the nodules (Thiel et al., 1993) and the partial
covering of surrounding epifauna by sediment blanketing (Morgan et al., 1999;
Sharma et al., 2001; Thiel et al., 2001). In order to manage and mitigate these
impacts, it is critical that we better understand the composition and distribution of the
nodule fauna and its relationship to the mineral substratum and other environmental

factors.

The study of hard substratum communities in nodule fields has been neglected
compared to adjacent sediment communities, probably because of the difficulties
inherent in remotely sampling nodules from the sea surface. Most previous studies of
nodule faunas focused on their role in nodule formation and growth (Graham and
Cooper, 1959; Ehrlich, 1972; Dudley and Margolis, 1974; Greenslate et al., 1974;

Wendt, 1974; Dudley, 1976; Dugolinsky, 1976; Dugolinsky et al., 1977; Dudley,



1978; Thiel, 1978; Bignot and Lamboy, 1980; Riemann, 1983; von Stackelberg,
1984; Riemann, 1985; Thiel et al., 1993). The bacteria associated with nodules
(Ehrlich, 1972; Burnett and Nealson, 1981) and the fauna found within nodule
crevices have been examined (Thiel et al., 1993; Maybury, 1996), but the only
detailed ecological study of organisms living on nodule surface was conducted by
Mullineaux (1987, 1989). Her investigation, which included previously overlooked,
delicate, mat- or net-like foraminiferal taxa that are a major element of these
encrusting assemblages, was based on box core samples from the central (30°N,
157°W) and tropical (5°N, 125°W) North Pacific. Other deep-sea, hard substratum
communities that have been studied systematically at the same spatial scales
(centimeters-millimeters) as the nodules include sponge stalks (Beaulieu, 2001),
indurated sediment around hydrothermal vents (Jonasson et al., 1995; Jonasson and
Schrdéder-Adams, 1996), dropstones (Heron-Allen and Earland, 1932; Gooday,
unpublished data), large foraminiferal tests (Gooday and Haynes, 1983), experimental
substrates on seamounts (Bertram and Cowen, 1994) and sunken woods (Turner,
1973). At a larger spatial scale, Tilot (2006a, b) has examined the megafaunal

assemblages of the nodule ecosystem in the tropical North Pacific Ocean.

Several major research programs in the Pacific and Indian Oceans have investigated
the potential impacts of nodule mining. These include: DISCOL (Disturbance and
Recolonization Experiment in a Manganese Nodule Area of the Deep South Pacific

Ocean) (Borowski and Thiel, 1998; Thiel et al., 2001), BIEs (Benthic Impact



Experiments) (Sharma et al., 2000; Sharma et al., 2001; Radziejewska, 2002), JET
(Japan Deep-sea Impact Experiment) (Fukushima 1995) and INDEX (Indian Deep-
sea Environment Experiment) (Raghukumar et al., 2001). However, these studies did

not specifically consider the impact of nodule mining on the nodule-dwelling fauna.

The objective of the present study was to improve knowledge of pristine nodule
faunas in order to facilitate environmentally sustainable management of mining
activities. The spatial distribution of the nodule fauna was analyzed at two scales: a
regional scale that includes the east (14°N, 130°W) and the west (9°N, 150°W) zones
and a local scale within which different nodule facies (A, B, C and west) were
recognizable. Water depth was similar in the two zones (varying from 4900 to 5050
m). Four properties of the nodule substratum that could influence faunal distribution
were also examined: nodule size, geochemical composition, morphology and surface
texture. We analyzed the distribution of species among zones and facies, and nodule
groupings using faunal characteristics in order to determine the most influential
factors on faunal spatial distribution. Finally, species assemblages were investigated

as a potential factor structuring faunal distributions on nodules.

The present study extends previous work by Mullineaux (1987, 1989) in several key
respects. First, we carried out a sampling method comparison, comparing results from
nodules obtained with a USNEL box corer with those from nodules scooped up by

the Nautile submersible. Secondly, the large number of nodules sampled at locations



that differed from those studied by Mullineaux permitted extensive characterization,
quantification and distribution analysis of nodule fauna. The spatial distribution of the
nodule fauna at the scale of the nodule itself is considered in a separate paper

(Veillette et al., in press).

2. Materials and methods

2.1. Sampling sites

The NODINAUT cruise (RV I’Atalante; May 18" — June 27" 2004) explored and
sampled two geographical zones located in the French mining claim in the tropical
Pacific: the east zone (14°N, 130°W) and the west zone (9°N, 150°W) (Fig. 1). Both
zones are located in the Clarion-Clipperton Fracture Zone at depths varying from
4900 to 5050m. The east zone is located to the north of Mullineaux’s (1987)
equatorial Pacific site. It was previously visited by the NIXONAUT cruise
(November 18" — December 22" 1988) (Cochonat et al., 1992). Three different
nodule facies were observed in the east zone (A, B and C) where they cover hundreds
of square kilometers. The facies were differentiated according to their general shape,
size, surface morphology of the nodules and the relation between the nodule and its
environment (degree of burial in the sediment, presence of volcanic material)
(Saguez, 1985; Morel and Le Suavé, 1986). Facies A nodules were small spheres

(less than 4 cm diameter) with smooth surfaces and lay at the surface of the sediments



on slight slopes. Facies C nodules were the largest (average of 11 cm diameter) but
their sizes varied considerably (from 2 to 15 cm diameter). They appeared as half
buried spheres in the sediments. Knobs and protrusions characterized their smooth-
textured upper region and their sides were rough. Facies B nodules were ovoid,
medium in size (average length 5 cm), most of their surface texture was rough and
they were slightly buried in the sediments. An undescribed facies that characterizes
the west zone is referred to as the “west facies”. These nodules were generally ovoid
but occurred in different shapes. They were small to medium in size (from 2 to 9 cm
in length), their surface texture was rough and they were slightly buried in the
sediments. Even though our visual classification, commonly used by geologists,
appears to be subjective, differences in the geochemical composition of the nodules
from different facies support this approach (Tilot, 1992, 1993; Hoffert and Saget,

2004).

Primary productivity in this region is estimated to be moderate compared to the high
equatorial productivity (DuCastel, 1985; Skornyakova and Murdmaa, 1992; Knoop et
al., 1998). We developed estimates of surface chlorophyll, mixed layer depth,
primary productivity and production export for 5° boxes around the east and west
zones, using SeaWiFs ocean color data and numerical modeling. Surface chlorophyll
was slightly higher in the east zone (Fig. 2 and Table 1), as was primary productivity
(Table 1). The greatest difference between the two zones was for export production

(Table 1). While the sedimentation rate in the Clarion-Clipperton Fracture Zone



appears to be moderate (Hoffert, pers. comm.), the east zone benefits from a greater
flux of particulate organic carbon to the bottom, likely as a result of longitudinal
advection of organic matter. The east zone lies beneath the North Equatorial Current
and the west zone beneath the North Equatorial Counter Current (DuCastel, 1985;

Smith and Demopoulos, 2003).

Near-bottom currents observed during the NODINAUT cruise (short term ADCP-
WH300 measurements at ten meters above the bottom) were very weak and were of
the same order in the two zones (3.5 — 4 cm s). Their direction was toward
east/south-east in the east zone and east/north-east in the west zone meaning that
nodule faunas do not always experience unidirectional currents. There were some
very slight speed and direction variations due to semi-diurnal tidal oscillations.
Previous long-term data (Pujol, 1988; Mauviel, 1990) indicated the existence of
inertial oscillations (2 — 3 days) and longer term oscillations (around 2 — 3 months) of
higher amplitude. According to these data, the current direction encountered during
the NODINAUT cruise was always associated with higher current speeds. We
assume, therefore, that the NODINAUT cruise took place during a period when

current speeds were somewhat higher than normal.

Bottom relief can influence current speed and direction (Morgan et al., 1999). We
attempted to estimate currents at the scale of the nodules at several cm above the

bottom with a modified weathercock but results are too preliminary to be significant.
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Measured bottom water temperature in both zones was around 1°C. Seawater
chemical properties measured at the nodule scale (pH, salinity, dissolved oxygen,
alkalinity, dissolved organic carbon (DOC) and nutrients) were also similar in the two

Zones.

2.2. Sampling methods

Nodules were sampled using either a USNEL box corer (sampled area of 50 X 50 cm)
or the manipulator of the Nautile submersible (Table 2 and 3). A top-view photo of
each USNEL box core was taken before eight randomly chosen nodules were
removed from the sediment and washed carefully with seawater. The sampled
nodules were stored in 4% formaldehyde and transferred to 70% alcohol after several
days. They were all carefully packed for transportation in jars of different sizes.
Plastic packing was placed in the jars to immobilize the nodules. During all
manipulations, nodules were never allowed to dry and were handled with the greatest

care possible because of their high friability.

The two different sampling methods (USNEL box corer versus Nautile submersible)
were compared in order to test the effect of sampling method on our results and on
nodule integrity and fauna. We were particularly interested in whether: 1) the
sampling method influenced the size of the nodules collected; 2) one sampling

method was more destructive than the other, damaging the most fragile living forms
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and decreasing species richness. The nodule surface above the sediment line was used

as an indicator of nodule size.

2.3. Nodule substratum

Four characteristics of the nodule substratum were considered in relation to faunal
distribution: nodule size, geochemical composition, morphology and texture. The
influence of nodule size on the attached fauna was investigated by testing regressions
of species richness, species density and percent faunal cover in relation to the nodule
surface above the sediment line. For the geochemical composition analysis, the
metallic composition of a nodule cross section from each facies was determined. We
were specifically interested in possible relationships between the fauna and the
geochemical composition of the outer nodule layer. Nodule morphology and texture

are described elsewhere (Veillette et al., in press).

2.4. Nodule surface area determination

Nodule surface area was calculated in order to compare zones and facies. Since
nodule surfaces below the sediment line are rarely colonized, only the area above the
sediment line was considered. This exposed surface area was determined differently
for each facies since the constituent nodules exhibited different morphologies. The

entire surface of facies A nodules could be colonized since they were situated on the
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sediment surface. For these nodules, the surface area available for colonization was
estimated using the sphere surface formula (4xr?). Facies B and west nodules were
mostly ovoid and buried in the sediment. Their surface area was determined using IP
Lab Spectrum®© image analysis software, assuming that top-view photos provided a
good representation of nodule surface area above the sediment line. Facies C nodules
appeared as spheres half buried in the sediment. When the vertical or near vertical
sides of the nodules extended more than 30 mm above the sediment before flattening
to form the upper region, the surface area was separated into top and side. In order to
control for the irregular shape of most nodules, eight measures of the height of the
sides were taken at every 45° around the nodule circumference. When the sides of
facies C nodules were 30 mm or less in height, nodule surface area was determined
using the same methodology as for facies B and west. For nodules greater than 30
mm in side heights, side surface area was calculated using the surface formula for an
open cylinder (height x circumference). All measurements and surface determination

with IP Lab Spectrum®© were made in triplicate.

2.5. Faunal identification and quantification

The fauna associated with 235 nodules (greater than 18 mm in length), collected
either by a USNEL box corer or by the Nautile from four different nodule facies, was
described quantitatively (Table 4). The total nodule surface area examined was 0.715

m?. Identification of living organisms on nodule surfaces was done using a binocular



13

dissecting microscope. High power light microscopy and scanning electron
microscopy were also used to examine smaller forms or particular structures and to
determine if unknown forms were protozoans, metazoans or inorganic forms. The
tests of most foraminifera (protozoans) were partially broken in order to determine if

protoplasm was present and therefore whether the organism was alive or dead.

Foraminiferal species that were considered to be alive at the time of collection (based
on the presence of intact protoplasm) were quantified. However, some foraminifera,
for example, komokiacean-like forms in which the test interior is dominated by
stercomata, rarely contained visible protoplasm. In these cases, unbroken tests were
regarded as being live when collected. Despite all precautions taken during handling
of the nodules, some very fragile structures may have been destroyed or lost prior to
identification. Thus, faunal identifications in this study could be biased towards more

robust forms firmly attached to nodule surfaces.

Faunal mats and domes were quantified by their percent cover (Mullineaux, 1987),
whereas upright structures were quantified by their presence/absence.
Presence/absence data were used to calculate species richness, defined as “the
number of species present, without any regard for the exact area or number of
individuals examined” (Hurlbert, 1971). The surface area covered by upright
structures is negligible and thus, the percent cover includes all forms covering the

nodule surface. In order to simplify the faunal cover analysis, every encrusting
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species was assumed to represent a circle or a rectangle. The dimensions of the
organisms were then measured under a binocular microscope equipped with an
eyepiece scale. For species forming anastomosing networks, percent cover within the
limits of the structure was estimated. Density (number of individuals per unit area)
was not used in this study since the vast majority of the living forms were

foraminifera that were best quantified in terms of percent cover (Mullineaux, 1987).

We recognised two foraminiferal feeding types. Type | included species in which the
test contained cytoplasm and lacked obvious accumulations of stercomata (faecal
pellets). In feeding type Il , which included komokiaceans such as Chrondrodapis,

the test contains accumulations of stercomata and the cytoplasm is very sparse.

2.6. Statistical analyses

The quantitative comparison of faunal species richness, species density and percent
cover between zones included all nodules, since the sample sizes of both zones were
relatively similar (Neasi=104, Nyest = 131; Table 4). The non-parametric Mann-Whitney
test was used to test for differences between the two zones because the two main
assumptions for the t-test (homogeneity of variances and normal distributions) were
never met. All nodules were included in the inter-facies comparisons but unbalanced
sample size (na= 15, ng= 50, nc= 39, nyes= 131; Table 4) was controlled for. Spatial

bias could not be controlled for because of the variation in the number of sampling
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sites between facies (Table 4). The non-parametric Kruskal-Wallis test was used to
test for differences between the four facies since the two main assumptions for
ANOVA (homogeneity of variances and normal distributions) were never met. When
the result of the Kruskal-Wallis test was significant, the Tukey a posteriori test, was
used to verify which distributions differed from the others. Nodules were classified
into three size categories according to Hoffert and Saget (2004): small <5 cm in
length, medium 5-10 cm in length, and large >10 cm in length. Nodules in the same
size category (Table 5) were compared quantitatively in order to explore faunal
differences caused by factors other than nodule surface area. The two zones could be
compared but only three facies could be compared together since nodule sizes of
facies A and C do not overlap (small: A, B and west, medium: B, C and west). When
nodules with similar dimensions were compared, the sample size used was the
smallest for the groups being compared in order to assure equal variances. Nodules
were randomly chosen from the two other groups. When nodules with similar
dimensions were compared between the two zones, the t-test was used if the
assumptions were met. Otherwise, the non-parametric Mann-Whitney test was used.
When nodules of the same size from different facies were compared, ANOVA was
used if the assumptions were respected. The non-parametric Kruskal-Wallis test was
used when they were not. When the ANOVA result was significant, the Tukey a
posteriori test was used to verify which distributions differed from the others. All

analyses were made at a= 0.05.
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The distribution of species among facies was analyzed to determine whether the
nodules harboured specific species. Most of the species confined to a single facies
were found in facies C (Table 6), where the nodules were biggest. We tested the
hypothesis that species were evenly distributed on every facies. Redundancy analyses
(RDA) were performed on abundance as well as on presence/absence data from 60
randomly-chosen nodules (15 nodules/facies). All data were Hellinger-transformed
since this transformation is appropriate for the analysis of community composition

data (Legendre and Gallagher, 2001).

Nodules were grouped using faunal characteristics in order to test the influence of
facies on the nodule fauna. Different grouping methods were explored using either
abundance or presence/absence data from 60 randomly-chosen nodules (15
nodules/facies, Table 4): Jaccard index (presence/absence data), PCA, K-means
Euclidean ordination (abundance data) and Ward agglomerative grouping (abundance

data).

Kendall’s coefficient of concordance (W) was used to identify species associations
with Hellinger-transformed abundance data (Legendre, 2005) from 60 randomly-
chosen nodules (15 nodules/facies).The objective of this analysis was to test if
species were independent of one another, or if they formed significant faunal

assemblages.
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3. Results

3.1. Sampling methods

For facies B and C nodules, the two sampling methods yielded different size
distributions (Table 5). The results of the analyses showed that the nodules sampled
with the submersible Nautile were statistically bigger for both facies (Fig. 3). The
dominant species on the nodules sampled by the USNEL box corer and the Nautile
were slightly different, but in general all sampled nodules yielded similar
assemblages of delicate organisms (Table 8A and 8B). The sampling method did not
seem to influence species richness for facies B and C since the species accumulation
curves of the two sampling methods overlapped (Fig. 4). Facies west nodules
collected with the Nautile had lower species richness than those collected with the
USNEL box corer. The number of nodules observed appeared to be sufficient since
all accumulation curves tended towards an asymptote, where the number of new
species observed no longer increased with increasing sample size (Fig. 4). However,
some of these trends [Facies A, B (PL), C (USNEL)] could also be artefacts due to

the small number of observed nodules.

3.2. Nodule faunal composition
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We identified a total of 73 protozoan and 17 metazoan species associated with nodule
surfaces (see “Catalogue of nodule fauna) (Fig. 5 and Table 6). Eleven protozoan
and 8 metazoan species were identified to species or genus level, the remainder were
indeterminate, i.e. they could not be assigned to any described species or genera. The
protozoans were all foraminifera, with the exception of two probable
xenophyophores. They were all attached directly to the nodule surface except for five

species, which were incorporated into agglutinated mats.

Around 70% (62 out of 90) of the species observed were considered to be living
when collected. However, the proportion was substantially higher for protozoans
(78%) than for metazoans (29%). Only these 62 live species (57 protozoans and 5
metazoans) were included in the species richness analysis. Sixty percent of the
protozoan species represented feeding type | based on the presence of stercomata-free
protoplasm. The remainder (37%) are considered to be feeding type Il based on the
accumulation of stercomata within the test (Gooday et al., 1997). All metazoan

species (except “mud tube”) were classified as suspension feeders.

Percent cover was used to quantify the extent of colonization at the time of sampling.
Out of the 62 live species, 41 protozoans (mostly mats, domes and tunnels) and one
metazoan (the ascidian Cnemidocarpa sp.) were quantified by percent cover. Fauna

covered up to 18% of the exposed nodule surface, with a mean of about 3%.
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3.3. Species richness and density

Species richness per nodule was higher in the east zone than in the west zone (Fig.
6A) even when nodules of the same size were compared (Table 7). Moreover, at the
facies scale, facies C followed by facies B hosted more species than facies A or west
as confirmed by the Tukey test (Fig. 7A). Also, facies B nodules yielded a more
diverse assemblage than facies A or west nodules when only small nodules were
considered (Table 7). On the other hand, facies C nodules were more species rich
than facies B or west nodules when only medium nodules were included in the

analysis (Table 7).

Species density (number of species per mm?) was not significantly higher in the east
zone than in the west zone (Fig. 6B). However, when only small nodules were
considered, species density was higher in the east than in the west zone (Table 7). At
the facies level, facies B had the highest species density, while facies A and west
were not different, and facies C had the lowest species density according to the Tukey
test (Fig. 7B). These rankings still hold when only small nodules were compared but
in this case, facies C was not included (Table 7). For medium nodules, there was no
significant difference in species density between facies B and C, or between facies C
and facies west. However, facies B had a higher species density than facies west

(Table 7).
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3.4. Percent cover

Percent faunal cover was significantly higher in the east zone than in the west zone
even when the same nodule sizes were compared (Fig. 6C). At the facies scale, facies
B nodules were more heavily encrusted with fauna than facies C, followed by facies
A and west according to the Tukey test (Fig. 7C). These trends remained true for
small nodules only, although in this case, facies C was not included (Table 7).
However, there were no differences in percent cover between facies B, C and west for

medium nodules (Table 7).

3.5. Nodule size

Facies C nodules were larger than facies A, B or west nodules when nodules obtained
using both sampling methods were pooled together (Fig. 3). There was no significant
difference in nodule surface area between facies A, B and west. We examined the
relationship between nodule size and species richness, species density and percent
cover. It might be expected that the number of species would increase with nodule
surface area. Figure 7A shows that the regression between the number of species and
the exposed nodule surface is significant when all nodules are considered (P<0.0001),
at both the regional (east, P<0.0001; west, P<0.0001) and the facies scales (facies B,
P=0.0310; facies C, P<0.0001), except for facies A (P= 0.1882). These regressions

exhibit positive slopes, as expected. The regressions between species density and
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exposed nodule surface are significant as well (all, P<0.0001; east, P<0.0001; west,
P=0.0011; facies B, P<0.0001; facies C, P<0.0001), again except for facies A
(P=0.8656) (Fig. 8B). Nevertheless, the slopes of these regressions are negative,
meaning that the number of species per unit surface area decreased with nodule size.
Furthermore, there is no relation between faunal cover and exposed nodule surface
when all nodules are included (P=0.5219) (Fig. 8C). However, east zone (P<0.0001)
as well as facies B (P=0.0161)and C (P<0.0001) nodules present significant

regressions with negative slopes.

3.6. Species distributions between facies

Tables 8A and 8B show, respectively, the relative abundance of the top ten species in
both zones (Table 8A) and among the four facies studied (Table 8B). Seven species
were abundant in both zones and six species were abundant in every facies. Two
foraminiferal species were observed only on facies A nodules, one foraminiferal
species was only found on facies B, one unattached foraminiferan and ten metazoan
species were noted only on facies C nodules and two unattached forms of

foraminifera only occurred on facies west (Table 6).

For all facies, the redundancy analyses show similar patterns with abundance and
presence/absence data (Fig. 9). Species 1 and 36 seem to be strongly associated with

facies west. Species 22, 23, 45, 19, 28 and 46 were found mostly in the east zone.
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Although species 28 and 46 were present in every facies, their abundance was much
greater on facies C nodules. However, these trends, although significant (p= 0.0005
and p=0.0001), explain only a very small portion of the variance of the distribution

of species among facies (R*= 0.054 and R?= 0.063).

3.7. Nodule grouping and species assemblages

Nodule grouping using the Jaccard index method yielded three groups of seven, two
and 49 nodules. Nodules were at most 75% similar. The PCA, K-means Euclidean
ordination and the Ward agglomerative grouping method used abundance data and
yielded similar results. For the PCA, K-means Euclidean ordination, six groups
composed of eight, five, four, two, ten and 26 nodules respectively were formed. The
Ward agglomerative grouping method also formed six groups, containing in this case
nine, two, 20 and three groups, each of eight nodules. The nodules composing these

groups were almost the same ones, irrespective of the method used.
Table 9C shows that two significant groups of associated species exist: one that
includes two species and the other including six species. The remaining 34 species

(out of 42) are independently distributed.

4. Discussion
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4.1. Sampling methods

There was a bias toward the sampling of larger nodules with the Nautile submersible.
However, the nodule size differences were too slight to explain the observed faunal
differences and nodules collected using both methods were therefore pooled. In future
studies, human bias in the collection of nodules with the submersible could easily be
minimized by using a sampling frame with the same area as that sampled by the box
corer (50 X 50 cm). This frame could be laid out on the sediment surface and nodules
randomly collected from within. Any remaining variation between the two sampling
methods could then be attributed to differences in the degree to which they damaged

the nodule fauna.

The smaller seafloor area sampled could explain the lower species richness of the
facies west nodules collected with Nautile submersible compared to those collected
with the USNEL box corer. Together, the ten USNEL box cores sampled a larger
surface area of the west zone than the samples from the dive PL1605-13. To test this
hypothesis, the fauna on six nodules from one USNEL box core was compared to six
random nodules from PL1605-13. Species richness was not significantly different
between the two sets of nodules (to.0s5(2),10 = 2.228, p=0.2545). Hence, the smaller
seafloor area sampled rather than the sampling method may explain the different
species accumulation curves obtained for this facies. This conclusion could apply to

facies A nodules as well since only 15 nodules from one submersible dive were
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available for analyses. The results obtained from facies A nodules might also reflect
the fact that the nodules were collected from a relatively small area (‘location effect’)

rather than being a facies effect.

4.2. Comparisons with previous studies

Approximately 21 protozoan species out of 73 recorded in this study resembled taxa
listed by Mullineaux (1987) from her central and equatorial Pacific sites and the
metazoan groups were similar to those observed by her as well. None of the
protozoan and metazoan species colonizing nodule surfaces has been observed among
soft sediment communities at either the east (Nozawa et al., 2006) or west
(Ohkawara, 2006) zones. Dugolinsky (1976) and Mullineaux (1987) likewise
reported a lack of overlap between sediment and nodule-dwelling faunas at their
Pacific study sites. Data on the abundance and diversity of foraminifera living in the
sediment between the nodules at the east and west zones are difficult to compare with
our observations since the assemblages were quantified in terms of numbers of
individuals and fragments (Nozawa et al., 2006). These sediment assemblages
consisted mainly of monothalamous soft-shelled taxa and fragments of komokiaceans

and tubular species.

Species richness of the nodule fauna analyzed in this study was dominated by

foraminiferans (92.4%), as also observed by Mullineaux (1987) and Dugolinsky
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(1976). Taxa colonizing some other hard substrata, such as the interior of
Bathysiphon rusticus tubes (Gooday and Haynes, 1983) and experimental substrata
on seamounts (Bertram and Cowen, 1994) are also dominated by foraminifera. This
protozoan group may play a more significant ecological role in deep-sea benthic
communities, particularly in terms of carbon cycling, than the metazoan macrofaunal
taxa on which deep-sea ecological studies have often focussed (Gooday,2003;
Nomaki et al., 2005). It has been suggested that sediment-dwelling foraminifera reach
their highest diversity on abyssal plains (Buzas and Gibson, 1969; Gooday et al.,
1998). Where present, the nodule assemblages will further enhance these diversity
levels. The sponge stalks studied by Beaulieu (2001), on the other hand, were
predominantly colonized by metazoans. In our material, metazoans were represented
mainly by the remnants of dead organisms, for example, empty worm tubes. Indeed,
these structures were more common on exposed nodule surfaces than dead
foraminiferan tests. This probably reflects the fact that the metazoan structures were

more robust than those built by protozoans.

Although presence/absence data included more species than percent cover data, the
latter provides a better indicator of the magnitude of faunal colonization. On this
basis, the nodules that we examined exhibited a species richness similar to that of
nodules studied by Mullineaux (1987). However, since the species accumulation
curves tended towards an asymptote but did not reach it (Fig. 4), these must be

regarded as minimum values. Species richness depends upon the sampling effort and
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inter-site comparisons are meaningful only if faunal characterization is sufficient
(Etter and Mullineaux, 2001). Species richness of metazoan-dominated sponge stalk
communities (total number of species observed= 144; Beaulieu, 2001) is higher than
that of nodule fauna. On the other hand, while nodule species density for the east (0.9
species cm™) and the west (0.7 species cm™) zones was slightly lower than for sponge
stalks (1.1 species cm™; Beaulieu, 2001), species density on facies B nodules (1.4
species cm™) was higher. Percent faunal cover on nodules (average of 3%) was lower
but of the same order of magnitude as that reported by Mullineaux (1987) (average of
10%). Sponge stalks were almost entirely covered by fauna (Beaulieu, 2001), and
faunal coverage on experimental substrata from Cross Seamount (central North
Pacific, 410 m depth) reached 37% on basalt surfaces and 13% and 20% on
ferromanganese-oxide and CaCOj3 substrata, respectively (Bertram and Cowen,

1994).

Two foraminiferal feeding types (I and I1), characterised respectively by the presence
and absence of stercomata accumulations, were distinguished. Most species were
low-lying domes and mats, which we suspect feed mainly on the organic material,
microorganisms and clay-sized sediment particles present on nodule surfaces (Burnett
and Nealson, 1981). In contrast, the sponge stalk fauna described by Beaulieu (2001)
included a variety of feeding types (scavengers, mobile predators, suspension and
deposit feeders), most of them metazoans. Deposit feeders usually dominate deep-sea

sediment communities (Hessler and Jumars, 1974; Etter and Mullineaux, 2001) and
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abyssal species are usually generalists (Dayton and Hessler, 1972). However,
structures extending from the sediment into higher current flow above the benthic
boundary layer, such as nodules, sponge stalks or rocks, can provide a hard
substratum for suspension feeders (Beaulieu, 2001; Etter and Mullineaux, 2001). All
of our nodule-dwelling metazoans were considered to be suspension feeders. In the
case of nodule mining, it is predicted that suspension and deposit feeders living
adjacent to mined areas will be most heavily influenced by sediment resuspension

and deposition (Jumars, 1981).

4.3. Environmental influences on nodule faunas

Current speeds were uniformly low at both study sites and the chemical properties of
bottom-water masses were also similar. These factors are therefore unlikely to have
influenced the nodule faunas, except in the sense that some current motion is required
for renewing water surrounding nodules, replenishing particulate food and removing
waste material (Thistle, 2003). The flux of particulate organic carbon to deep-sea
benthic ecosystems often overrides other environmental factors and exerts a
controlling influence on many aspects of deep-sea benthic ecology (Gooday, 2002)
and diversity (Levin et al., 2001). This probably applies to hard-substrate faunas as it

does to sediment-dwelling communities.
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An east-west gradient of decreasing surface productivity is known to occur in the
equatorial Pacific (Smith and Demopoulos, 2003). However, notable differences in
productivity along this gradient are most apparent at scales of many tens of degrees of
longitude (Knoop et al. 1998, Christian et al. 2002), rather than at the scale of the 20°
separation of our east and west zones. Furthermore, the Clarion-Clipperton Fracture
Zone is located at the northern margin of the equatorial zone of high productivity
where nutrients upwell (Murray et al., 1994) and is therefore more food-limited than
areas closer to the equator. Nonetheless, our modeling results showed that the eastern
zone sampled in this study experiences a higher carbon flux to the deep ocean than
our western zone, as a result of higher productivity combined with longitudinal
advection of organic matter. This regional difference in organic matter flux may
explain the higher species richness and percent faunal cover in the east zone,
although, as observed by Mullineaux (1987), it apparently does not have much effect

on faunal composition at the species level.

Mullineaux (1987) recorded 24 of her 56 nodule-dwelling foraminiferal species at
both of her sites in the central and equatorial North Pacific. More than half (13) of the
monothalamous species that she recognized occurred at both sites, despite the fact
that the equatorial Pacific is characterized by higher surface productivity that the
central North Pacific. This suggests that some nodule-dwelling species have wide

distributions, at least at the regional scale, that are independent of organic matter

supply.
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4.4. Influence of nodule characteristics on faunas

Nodule size can influence species richness, species density and percent faunal cover.
Our data show that species richness increases with nodule size. The non-significance
of the regressions between nodule size and these parameters in the case of facies A
could be explained by the smaller sample size (n=15), their collection from a limited
spatial area during the same submersible dive, and the fact that the nodules were
small (Table 5). The negative slope of the regressions between species density and
exposed nodule surface implies that the number of species observed on a nodule
reaches a maximum value at a threshhold nodule surface area. This suggests that
species richness is not limited by the space on the nodule surface available for
colonization. The relationship of percent cover and nodule surface area is negative for
the east zone and facies B and C. Furthermore, there is no link between species

richness and percent faunal cover.

Scanning electron microprobe geochemical analysis of the nodule outer surfaces
(Etoubleau et al., 2000) produced maps of relative concentrations of metals. Some
trends were common to all facies: a patchy presence of highly concentrated iron, a
uniform layer of highly concentrated cobalt and patches of highly concentrated
calcium. There were also geochemical differences between facies. Facies A and C

nodules showed silica correlated with calcium and manganese spots just beneath the
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surface. The outer metallic composition of facies west nodules was different from that
of the other nodule facies, exhibiting higher manganese and nickel concentrations and
some sparse spots of copper. No clear relationship was found between fauna and the

geochemical composition of the outer nodule surface.

The RDA analyses of species distribution among facies based on abundance and
presence/absence yielded very similar results (Fig. 9). The analyses suggest that
facies type significantly influences the composition of nodule fauna, although it is
probably not the main regulating factor. In deep-sea sedimentary environments,
small-scale heterogeneity has been invoked to explain high local species diversity in
soft-bottom communities (Grassle and Maciolek, 1992; Snelgrove and Smith, 2002).
The higher species richness on facies C and B nodules could be due to the presence of
morphological irregularities, such as knobs, protrusions and depressions, that create
habitat heterogeneity and different ecological niches for the encrusting fauna.
Similarly, cluster analyses of the fauna colonizing sponge stalks suggested that
substratum complexity may have an influence on communities (Beaulieu, 2001). In
contrast, the lower species richness on spherical facies A nodules and on the
regularly-shaped facies west nodules may reflect the relative lack of surface
irregularities. Nodule surface texture, either rough or smooth, could also contribute to
the structuring of the faunal spatial distribution (Mullineaux and Butman, 1990). This
may be related to, among other factors, the responses of larvae and other dispersive

propagules to surface texture. See Veillette et al. (in press) for a more detailed
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discussion on the roles of nodule surface characteristics and microhabitats in

structuring faunal communities.

4.5. Nodule grouping and species assemblages

Nodule groupings were examined to ascertain why certain nodules grouped together
based on species-level analyses. Nodules that did not join with the largest group
obtained by the Jaccard index method were mostly facies A and west nodules. This
suggests that the faunal composition of facies B and C nodules was similar and
distinct from that of facies A or west. Also, nodules coming from the same box core
or dive tended to cluster more closely, indicating that their faunas were similar.
Nodules grouping with the PCA, K-means Euclidean ordination and the Ward
agglomerative grouping method did not correspond to any facies type, indicating
again that facies type is not the main factor influencing the nodule fauna. Moreover,
sponge stalks act as isolated island habitats for encrusting organisms (Beaulieu, 2001)
whereas nodules are often a dominant habitat, which offer a much greater area for

colonization at larger spatial scales.

Thirty-four species out of 42 were independently distributed (Table 9), suggesting
that species interactions play only a minor role in explaining the distribution of the
fauna on the nodules. The species assemblages that we recognize did not include

metazoans since only their presence or absence was recorded, not their abundance.
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Moreover, the vast majority were dead when collected. Metazoans were mostly found
on facies C which is composed of the largest nodules and this is probably related to

the higher flow necessary for suspension feeding.

5. Conclusions

The higher species richness and percent faunal cover found on nodules of the east
zone can be attributed, at least in part, to greater food availability. The complex,
knobby micro-relief of facies B and C nodules probably creates microhabitat
heterogeneity that could have contributed to the greater species richness of the east
zone. Nodule size also exerted a significant influence on the nodule fauna; in most
cases, species richness increased with the area of exposed nodule surface while
species density decreased. The analysis of the distribution of species among facies
explained only a very small portion of the variance and species assemblages only
played a minor role in the spatial distribution of nodule fauna. During mining, there
will be avoidable and unavoidable impacts. One unavoidable impact is the loss of the
nodule as a habitat and of the special fauna inhabiting its surface and crevices. A
much fuller understanding of the biodiversity and biogeography of nodule-dwelling
species is required before we can determine the threat to any identified member of the
nodule fauna or before we can begin monitoring the impact of nodule mining, if and

when it becomes a reality.
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Table 1. Summary of surface ocean physical and biological properties for a 5° box
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around the east and the west zones sampled during the study from a biogeochemical

ocean model simulation (Christian et al., 2002). Mean (standard deviation) of
monthly output from 1980-2003. The model was forced with NCEP weekly winds.

Export is calculated at a depth of ~1200 m.

East zone \West zone
Mixed layer depth (m) 58.8 65.5
(20.6) (20.0)
Surface chl a (mg m™) 0.194 0.160
(0.087) (0.068)
Primary production (mmol C m™ d%) 29.1 23.4
Export (mmol C m?d™) 11.2 8.1
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Table 2. Nodule abundance and percent cover from USNEL box cores.

USNEL Depth (m) Facies' Total number of | Total nodule
nodules? percent cover®
East zone
KGS-1 5036 C Disturbed* Disturbed
KGS-3 5005 C Disturbed Disturbed
KGS-6 4974 C Disturbed Disturbed
KGS-7 4996 C Disturbed Disturbed
KGS-21 4911 B 91 35.3
KGS-22 4954 B 92 48.7
KGS-23 4935 B 169 55.6
KGS-24 4904 B 114 52.8
KGS-25 4930 B 97 52.7
West zone
KGS-28 5050 West 53 26.1
KGS-29 5050 West 22 22.6
KGS-30 5051 West 97 45
KGS-31 5055 West 78 8.2
KGS-32 5048 West 116 18.2
KGS-33 5043 West 19 8.9
KGS-36 5048 West 64 24.3
KGS-37 5054 West 16 45
KGS-38 5051 West 63 24.7
KGS-39 5051 West 88 37.9
KGS-40 5059 West Disturbed Disturbed
KGS-41 5050 West Disturbed Disturbed

1 Facies A nodules were not sampled with USNEL box core.

2 Determined by direct counting in top-view pictures (average of triplicates).
3 Determined with image analysis software IP Lab Spectrum®© (average of triplicates).
* "Disturbed” means that the content of the box core was well mixed and that the number of nodules

and the nodule percent cover were impossible to estimate.
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Table 3. Sampling strategy used for nodules collected with the manipulator of the

submersible Nautile.

Dive | Depth (m) | Facies | Sampling strategy

East zone

PL1593-01 4955 A All nodules were placed in a small box.
15 nodules were present.

PL1598-06 4971 C Nodules were placed with difficulty in
small boxes.

PL1602-10 4983 C Nodules were placed directly in the
basket.

PL1603-11 4987 B Nodules were placed in small boxes in
groups of 4.

West zone

PL1605-13 5040 West Nodules were placed in small boxes
full of sediments. The first 15 nodules
encountered were taken (length >18
mm).
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Table 4. Number and type of nodules used for the different analyses included in this
study. Number of sampling sites are indicated between parentheses.

Facies Faunal species richness, species density and RDA analysis, nodule grouping and
percent cover quantitative analyses species assemblage analyses
USNEL Nautile Total Total USNEL Nautile Total
submersible | number surface submersible | number
of area (m?) of
nodules nodules
East zone
A 0 15 (1) 15 0.019 0 15(1) 15
B 40 (5) 10 (1) 50 0.074 10 (4) 5 (1) 15
C 14 (4) 25 (2) 39 0.457 7 (3) 8 (2) 15
Total 104 0.550 45
West zone
West |71(12) [60(1) 131 0.164 4(3) | 11 (1) 15
Total 235 0.715 60
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Table 5. Numbers of nodules observed in three size categories as described by
Hoffert and Saget (2004).

Sampling Facies Number of nodules Total number

method Small (<5 cm Medium (5-10 | Large (>10 cm | of nodules
in length) cm in length) in length)

Nautile A 15 0 0 15

Box core B 30 10 0 40

Nautile B 3 7 0 10

Box core C 3 9 2 14

Nautile C 0 5 20 25

Box core West 48 23 0 71

Nautile West 42 18 0 60

Total 235
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Table 6. List of species colonizing the four facies of the 235 nodules analyzed in this

study.
A> [B® [C* |west®|Live/ [Percent|Feeding
Protozoan species’ Dead® |cover* | type®
Domes and lumps
1 | Pseudowebbinella sp. 0 |x |x |x [Live |X I
2 Hemispherammina-like, pale regular dome X X |x X Live |x [
3 Hemispherammina-like, pale granular dome X X X X Live |x [
4 Hemisperammina-like, irregular shape X X X X Live |x [
5 | Tholosina sp. 0 |x |x |0 |Lve |x I
6 Tholosina-like X X X 0 Live |x I
7 Trochammina-like X X X X Live I
8 Placopsilina-like X X X X Live |x I
9 Komoki, mud-ball type X X |x X Live |x I
10 | Whitish sparkling dome x |0 |0 |x |Live |x |
11 | Whitish flattened dome x |0 10 |x |Live |x [
12 | White granular patches X X X X Live I
13 | Ammocibicides-like X X X X Live |x I
14 | Fine agglutinated particles beige soft dome XX |x X Live |x [
15 | Brown granular shiny dome 0 X X X Live |x I
16 | Black granular dome 0 (x |x |x |Dead I
17 | Black soft dome X X X X Live |x Il
18 | Orange dome X X X X Live |x I
Mats
19 | Chondrodapis hessleri X X X X Live |x I
20 | Chondrodapis integra X XX |X Live |x I
Area covered with komokiacean-like chambers | x X X X Live |x Il
21 | linked with fine tubes
22 | Grey granular mat X X X X Live |x I
Very thin muddy patches with komokiacean- | x X X X Live |x Il
23 | like chambers
24 | Telammina X X X X Live I
25 | Tumidotubus X X X X Live |x I
Xenophyophorea-like, without agglutinated | x X X X Dead I
26 | particles
27 | Xenophyophorea-like, fan-shaped agglutinated 0 X X X Dead I
28 | “White crust” X X X X Live |x I
29 | “Beige filamentous mat” X X X Live |x ?
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30 | “Dark chambered mat” 0 |x |x |0 [Live |X I
31 | Thin grey mat X X X X Live |x I
32 | Thin organic mat with dark grey stercomata X X X X Live |x I
33 | Beige thick mat with red interior X o |0 |0 Live |x [
34 | Beige thick and smooth mat, interior brown X X X X Live |x [
35 | Mat of blue flattened chambers X X X X Live |x ?
36 | White mat with lumps XXX |X Live |x [
37 | White crusty mat with coarse particles 0 0 X X Live |x I
38 | Orange, rigid agglutinated wall in crevice 0 X X X Dead I
39 | Mat of very coarse sediment agglutinated 0 X X X Dead [
Tunnels
40 | “Thin anastomosing tunnels” XXX |X Live I
41 | “Cemented tunnels” X X X X Live |x I
42 | Reticulated dark tunnels X X X X Live |x I
Network of beige tunnels; horizontal tree with | O X X X Live |x Il
43 | upright branches
44 | Crystal star and tunnels 0 X X X Live |x I
45 | Spider network of grey tunnels X X X X Live |[x I
46 | White soft tunnels X X X X Live |x I
47 | Network of empty beige tunnels 0 X X X Dead |
Connected chambers
48 | Chain of orange/brown chambers X XX X Dead |
49 | “Flattened chambers” X X X X Live |x I
50 | Chain of empty grey and rounded chambers 0 X X X Dead [
51 | Hormosina sp. X X X X Live |x I
52 Brown chain of spheres rigidly agglutinated 0 0 X 0 Dead |
Upright tubes
Network of branched tubes either lying down | x X X X Live I
53 | on the nodule surface or standing
54 | Psammotodendron indivisum- like 0 X X X Live I
Komokiacean-like chambers on delicate | x X X X Live Il
55 | filaments
56 | Upright beige tubules with constrictions 0 X X X Live Il
57 | Upright beige structures 0 (x |0 |0 |Live [
58 | Tube upright with komokiacean-like chambers |* X X 0 Live Il
59 | Branched upright tubules X X X X Live I
60 | Upright tree 0 X X X Live I
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61 | Upright filament X X X X Live Il

62 | Upright filament, branched dichotomously X X X X Live I

63 | Upright beige tubule, two origins X o |0 |O Live I

64 | Branching stercomata-filled tube X X X X Live I

65 | Anastomosing Rhizammina-like X X X X Live I
Recumbent tubes

66 | Saccorhiza ramosa-like 0 |x |x |x |Dead I

67 | Tolypammina sp. X X X Dead [

68 | Horizontal organic tube full of stercomata X X Live Il
Unattached forms

69 | Ammodiscus sp. 0O (0 |0 |x |Dead [

70 | Orange snail 0 |0 |0 |x Dead [

71 | Biloculina sp. 0 (x |x |x |Dead [

72 | Quinqueloculina-like 0O |x |x |0 |Dead [

73 | Thurammina-like 0 |0 |x |0 |Dead [
Metazoan species
Sponges

M1 Taxon 1: Porcupine X Dead S

M2 Taxon 2: Sponge stalk with spikes X Dead S

M3 Taxon 3: White rigid stalk X Dead S
Scyphozoans

M4 Stephanoscyphus sp. X X Dead S

M5 Taxon 1: Elongated scyphozoan X Dead S
Mollusc

M6 Bentharca asperula 0 |x |x |0 |Live S
Polychaetes

M7 Taxon 1: Spiral 0 (x |x |0 |Dead S

M8 Taxon 2: Smooth tube 0 X X X Dead S

M9 Taxon 3: Tube with spikes 0 (0 |x |0 |Dead S

M10 Taxon 4: Mud tube 0 |0 |x |0 |Dead ?
Bryozoans

M11 Camptoplites sp. X X 0 Dead S

M12 Bugula sp. X Dead S

M13 Cyclostomate 0 X Dead S
Brachiopods

M14 Pelagodiscus atlanticus 0 |0 |x |0 |Live S




M15 Gwynia aff. capsula 0 (x |x |0 [Live
Ascidian
M16 Cnemidocarpa sp. 0O (0 |x |0 |[Live
Platyhelminthe, Turbellaria
0 0 X 0 Live

M17 Fecampia abyssicola

1 Species in quotes have the same name as those described in Mullineaux (1987).

> Presence (x) or absence (0) of the species on nodules.

* Intact protoplasm was used to identify live specimens, and the “dead” designation was used when

only remnant specimens were present on nodule surface.

* Percent cover identifies species included in the percent cover study.
> Feeding type | and Il for Foraminifera correspond respectively to species without and with
stercomata accumulations in their cytoplasm (Gooday et al., 1997), and from morphology and

literature descriptions for metazoans (Mullineaux, 1987).
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Table 7. Results of the statistical tests comparing mean species richness, species
density and percent cover for nodules of the same size category at the regional and

facies scale.
Zone
Small Medium
Species richness t 0.0502), = Z= 1.96 t 0.05(2), 60= 2.000
P<0.0001 P<0.0001
East > west East > west
Species density t 0.05(2), = Z= 1.96 t 0.05(2), o= Z= 1.96
P<0.0001 P=0.6024
East > west No difference
Percent cover t 0.05(2), »= Z= 1.96 t 0.05(2), = Z= 1.96
P<0.0001 P=0.0018
East > west East > west

Facies

Species richness

Fo.os (1), 2), (42 = 3.23
P<0.0001
B > A and west

Fo.os (1), @, 39) = 3.23
P<0.0001
C > B and west

Species density

XPP2 0.05, 2 =5.991
P=0.0005
B > A and west

Fo.os 1), 2, 39) = 3.23
P=0.0109
B and C > C and west

Percent cover

YPP? 005 2= 5.991
P<0.0001
B > A and west

YPP? .05, 2 = 5.991
P=0.1650
No difference
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Table 8A. Ten most abundant species (out of 42) ranked in terms of percent cover of
total fauna for all nodules analyzed in both zones (n= 104 for the east zone; n= 131
for the west zone). Grey shading indicates species abundant in both zones.

East zone West zone
Species % Species %
23) Very thin muddy patches 26.59 25) Tumidotubus 16.10
with komokiacean-like
chambers
45) Spider network of grey 13.25 23) Very thin muddy patches 14.10
tunnels with komokiacean-like
chambers
31) Thin grey mat 9.45 32) Thin organic mat with dark  10.41
grey stercomata
32) Thin organic mat with dark ~ 6.72 45) Spider network of grey 9.79
grey stercomata tunnels
25) Tumidotubus 6.40 21) Area covered with 4.99
komokiacean-like chambers
linked with fine tubes
19) Chondrodapis hessleri 5.76 49) “Flattened chambers” 4.85
49) “Flattened chambers” 4.59 22) Grey granular mat 3.97
28) “White crust” 411 29) “Beige filamentous mat” 3.84
34) Beige thick and smooth mat, 3.19 9) Komoki, mud-ball type 3.46
interior brown
22) Grey granular mat 2.64 31) Thin grey mat 3.34
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Table 8B. Ten most abundant species (out of 42) ranked in terms of percent cover of total fauna for all nodules analyzed in
every facies (A, n=15; B, n=50; C, n=39; west, n= 131). Grey shading indicates species abundant in the four facies.

Facies A Facies B Facies C Facies west
Species % Species % Species % Species %
23) Very thin muddy 36.62 23) Very thin muddy 28.80 23) Very thin muddy 25.47 25) Tumidotubus 16.10
patches with patches with patches with
komokiacean-like komokiacean-like komokiacean-like
chambers chambers chambers
22) Grey granular mat | 7.74 45) Spider network of | 17.07 45) Spider network of | 12.08 23) Very thin muddy 14.10
grey tunnels grey tunnels patches with
komokiacean-like
chambers
45) Spider network of | 7.55 19) Chondrodapis 7.17 31) Thin grey mat 10.41 32) Thin organic mat 10.41
grey tunnels hessleri with dark grey
stercomata
32) Thin organic mat 7.54 31) Thin grey mat 6.99 25) Tumidotubus 7.39 45) Spider network of | 9.79
with dark grey grey tunnels
stercomata
49) “Flattened 7.18 32) Thin organic mat 6.44 32) Thin organic mat 6.79 21) Area covered with | 4.99
chambers” with dark grey with dark grey komokiacean-like
stercomata stercomata chambers linked with
fine tubes
31) Thin grey mat 6.89 22) Grey granular mat | 5.86 19) Chondrodapis 5.36 49) “Flattened 4.85
hessleri chambers”
25) Tumidotubus 5.74 25) Tumidotubus 3.69 49) “Flattened 491 22) Grey granular mat | 3.97
chambers”
42) Reticulated dark 4.39 49) “Flattened 3.42 28) “White crust” 4.82 29) “Beige 3.84
tunnels chambers” filamentous mat”
34) Beige thick and 3.62 34) Beige thick and 3.25 34) Beige thick and 3.15 9) Komoki, mud-ball 3.46
smooth mat, interior smooth mat, interior smooth mat, interior type
brown brown brown
19) Chondrodapis 2.71 28) “White crust” 2.30 46) White soft tunnels | 2.90 31) Thin grey mat 3.34

hessleri




Table 9. Results of the concordance tests among 42 nodule faunal species: A) overall test and B)
a posteriori tests. To avoid spatial bias, 15 nodules were randomly selected from the four facies;

five uncolonized nodules (one on facies B and four on facies west) were excluded from the
analysis. Hellinger-transformed abundance data for the remaining 55 nodules were used. P=

permutational probability based upon 9999 random permutations. Py= Holm adjusted probability

for multiple testing. C) Results based on the identification of associated species by K-means
partitioning and Pearson correlation matrix. Only species significantly associated within each

group by both methods are presented. (* a= 0.05.)

A) Overall test of the W statistic. Ho: The 42 species are not concordant with one another.

Kendall’s W =
Friedman’s chi-square =
Ho is rejected. Species are not all independent of one another.

0.09164
207.84010

B) A posteriori tests. Ho: This taxon is not concordant with the other 41.

1) Pseudowebbinella sp.

2) Hemispherammina-like, pale regular dome
3) Hemispherammina-like, pale granular dome
4) Hemisperammina-like, irregular shape

5) Tholosina sp.

6) Tholosina-like

8) Placopsilina-like

9) Komoki, mud-ball type

10) Whitish sparkling dome

11) Whitish flattened dome

13) Ammocibicides-like

14) Fine agglutinated particles beige soft dome
15) Brown granular shiny dome

17) Black soft dome

18) Orange dome

19) Chondrodapis hessleri

20) Chondrodapis integra

21) Area covered with komokiacean-like chambers linked with fine tubes

22) Grey granular mat

23) Very thin muddy patches with komokiacean-like chambers
25) Tumidotubus

28) “White crust”

29) “Beige filamentous mat”

30) “Dark chambered mat”

31) Thin grey mat

32) Thin organic mat with dark grey stercomata

33) Beige thick mat with red interior

34) Beige thick and smooth mat, interior brown

35) Mat of blue flattened chambers

36) White mat with lumps

37) White crusty mat with coarse sediments

41) “Cemented tunnels”

42) Reticulated dark tunnels

43) Network of beige tunnels; horizontal tree with upright branches
44) Crystal star and tunnels

45) Spider network of grey tunnels

46) White soft tunnels

P=10.8427
P=10.0003 *
P=0.0472*
P=0.0471*
P=0.0004 *
P=0.0354 *
P=0.0004 *
P=0.0049 *
P=10.4252
P=10.6639
P=10.0001 *
P=10.0400 *
P=10.1287
P=0.1911
P=0.1169
P=0.0001 *
P=0.1793
P=0.0160 *
P=0.2136
P=0.2562
P=0.0006 *
P=10.0002 *
P=0.0103 *
P=10.2736
P=10.0533
P=10.0247 *
P=0.4096
P=0.0044 *
P=0.2191
P=0.1554
P=0.0096 *
P=0.0967
P=0.6147
P=0.4681
P=10.0029 *
P=10.0461 *
P=0.0006 *

P=0.0001 *

P.= 3.6864
P.=0.0117 *
P.=1.1064
P.= 1.1064
P.=0.0152 *
P.= 0.9204
P.=0.0152 *
P.= 0.1568
P.= 3.6864
P.= 3.6864
P.=0.0042 *
P.,= 1.0000
P.= 2.3166
P.= 2.8688
P.=2.2211
P.= 0.0042 *
P.= 2.8688
P..= 0.4480
P.= 2.9904
P.= 3.0744
P.=0.0216 *
P.= 0.0080 *
P.= 0.2987
P.= 3.0744
P.=1.1193
Py= 0.6669
P.= 3.6864
P.= 0.1452
P.= 2.9904
P.= 2.6418
P.= 0.2880
P.= 1.9340
P.= 3.6864
P.= 3.6864
P.= 0.0986
P.=1.1064
P.= 0.0216 *
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49) “Flattened chambers”

51) Hormosina sp.

65) Anastomosing Rhizammina-like

68) Horizontal organic tube full of stercomata
M16) Cnemidocarpa sp.

C) Identification of associated species.

Group 1 - 6) Tholosina-like
- 19) Chondrodapis hessleri
Group?2 - 2) Hemispherammina-like, pale regular dome

- 5) Tholosina sp.
- 8) Placopsilina sp.

P=0.0065 *
P=10.6139
P=10.4104
P=0.9004
P=10.3645

Pn=0.2015
Pn= 3.6864
Pn= 3.6864
Pn= 3.6864
Pn=3.6450

- 21) Area covered with komokiacean-like chambers linked with fine tubes

- 36) White mat with lumps
- 65) Anastomosing Rhizammina-like
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
A) Species richness. B) Species density.
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Figure 7.
A) Species richness. B) Species density.
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Figure 8.
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A) Species richness in relation to exposed nodule
surface.
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Figure 9.

A) Abundance data.
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Figure captions

Figure 1. Map of the equatorial North Pacific Ocean showing the east and west zones
sampled during the present study.

Figure 2. Comparison of surface chlorophyll a concentrations for 5° boxes around the
east and west zones sampled during the present study. Monthly mean surface
chlorophyll a derived from SeaWiFS ocean color data.

Figure3. Nodule surface area (exposed above sediment line) for the two sampling
methods, USNEL box core and the submersible Nautile, for nodules of facies B (50
nodules), C (39 nodules) and west (131 nodules). Numbers of nodules are indicated
over bars. Error bars indicate SD. The non-parametric Wilcoxon/Kruskal-Wallis test
was used to test differences between the two sampling methods. * a= 0.05. Facies B:
Z=1.96, p= 0,002. Facies C: Z= 1.96, p= 0,03. Facies west: Z= 1.96, p= 0,32. Facies
C grouped alone and then, facies A, B and west grouped together according to the
Tukey test when nodules of the same facies collected using both sampling methods
were pooled together (yPP?.0s,3 = 7.815, p<0.0001).

Figure 4. Accumulation curves of taxa for the number of nodules in each facies.
Nodules were collected using two sampling methods: USNEL box core and the
submersible Nautile.

Figure 5. Some of the most common species living on nodule surfaces. a) Very thin
muddy patches with komokiacean-like chambers; b) Tumidotubus sp.; ¢) Thin grey
mat; d) Thin organic mat with dark grey stercomata; e) Chondrodapis hesslerti; f)
“Flattened chambers”; g) “White crust”; h) Beige thick and smooth mat, interior
brown

Figure 6. Comparison at the regional scale of mean species richness (A), species
density (B) and percent cover (C) using all 235 nodules analyzed. Error bars indicate
standard error. * a= 0.05, ** 0¢=0.01, ***<0.001. Species richness (t .05@2)»= Z= 1.96,
p=0.0000) and percent faunal cover PP (t ¢os502).= Z= 1.96, p<0.0001) were
significantly different between the two zones. Only species density (t o.0s5¢2).= Z=
1.96, p= 0.5364) was similar between the two.

Figure 7. Comparison at the facies scale of mean species richness (A), species density
(B) and percent cover (C) using all 235 nodules analyzed. Error bars indicate standard
error of the mean. All tests show significant differences between facies (xPP?.05, 3 =
7.815, p<0.0001).

Figure 8. Regression of species richness (A), species density (B) and percent cover
(C) as a function of exposed nodule surface for the 235 nodules analyzed.
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Figure 9. Redundancy canonical analysis (RDA) of Hellinger-transformed abundance
data (A) (42 species, RPPPPPPPPPPPPPP? = 0.054, p= 0.0005) and presence/absence
data (B) (62 species, R? = 0.063, p= 0.0001) from 60 randomly-chosen nodules (15
nodules/facies). Nodules without fauna were excluded from the analysis. % of
variance explained by each axis indicated between parentheses. Numbers refer to
species numbers as detailed in Table 5. Only taxa for which >10% of variance is
explained by facies type are shown. 9999 permutations were realized for every test.
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