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Abstract:  
 
Multiscale variability of a macrobenthic community inhabiting fine sediments on the West African 
Equatorial margin was assessed during three cruises as part of the BIOZAIRE research program. 
Spatial scales ranged from 15 to 550 m (within station) and from 1000 to 7000 m (between stations). 
Principal Coordinates of Neighbour Matrices (PCNM) allowed the detection of multiscale patterns of 
variability within a location, while a binary coding of the sampling stations was used at broad spatial 
scales. Significant patterns were observed at 170 and >4000 m. The two spatial scales displayed 
similar biotic responses, with the Scaphopoda and Bivalvia having patterns that were opposite to the 
Pholoidae. A spatio-temporal patchwork of environmental variables might explain the observed 
patterns. Practically, these results emphasis the need to develop balanced and crossed designs 
among the sources of variation (geography, time, depths).  
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1. Introduction 1 

According to the Organization for Economic Co-operation and Development (OECD1), the 2 

oil demand should grow by more than 50 % between 2002 and 2030, and gas demand should 3 

almost double. The oil and gas companies are now mobilizing much effort in advanced technology 4 

seeking access to new reservoirs notably in the deep offshore. With this expansion towards the 5 

deep-sea environments, follows the need to assess the ecological impacts of these activities on 6 

deep-sea sedimentary communities. One way of addressing such need is to study the distribution 7 

patterns of the macrobenthic fauna in these environments. Understanding the spatial structure and 8 

the scales of variability of these communities is necessary to develop sampling strategies and to 9 

eventually predict the response of these communities to deep-sea industrial activities. 10 

Early and recent studies have indicated that the dispersion patterns of deep-sea sedimentary 11 

communities are not scaled-independent (Cosson et al., 1997; Jumars, 1976; Levin et al., 2001). 12 

Spatial distribution of the deep-sea macrobenthic fauna is known to be a complex system of scale-13 

interacting processes. For instance, at the scale of hundreds of kilometres, spatial patterns of deep-14 

sea benthic communities is commonly attributed to processes such as productivity along 15 

bathymetric and latitudinal gradients, oceanic hydrodynamics, and sediment topography. At the 16 

scale of thousands of meters, large physical structures, such as canyons, may influence the spatial 17 

distribution of the deep-sea fauna notably by providing organic supply. At the scale of centimetres 18 

(i.e. scale of a sampling core), biologically-mediated disturbances induced by food-web complexity 19 

and the activity (e.g. bioturbation) of the major deposit feeding taxa create micro-heterogeneity that 20 

influence the spatial distributions of organisms (Gerino et al. 1999). 21 

This study pursued previous work (unpublished data) that had been carried out on the West 22 

African Equatorial margin in 2000 (Zaïango-Biol 2) and 2001 (Biozaire 2) and in which broad-23 

scale structures (at the kilometre scale) were unexpectedly identified. Additional sampling was 24 

                                                 
1 OECD/IEA, 2007. All rights reserved. Last updated: 2007. 
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conducted in the same area during a cruise in 2003 (Biozaire 3). Together with the data obtained 1 

from the previous work, our study measured scales of spatial variability displayed by deep-sea 2 

macrobenthic communities in order to improve sampling schemes for baseline studies. 3 

2. Materials and methods 4 

2.1. Study area and faunal sampling 5 

The study area was located on the West African Equatorial margin at 1300 m and 1400 m 6 

depths (11°30'E, 7°23'S; Fig. 1) and was visited on six occasions between March 2000 and 7 

February 2003. The present study is using data from three of these six cruises (Table 1). Sampling 8 

was carried out at four sampling stations positioned at a minimum distance of 7 km from 9 

exploration wells of a deep-water oil field. The stations were identified as control stations in a 10 

previous study (Sibuet et al., 2002) and were spatially organized to display multiscale distances 11 

ranging from 15 m (among sampling cores) to 7000 m (among stations).  12 

Sampling of the macrobenthic fauna was done with an US Naval Electric Laboratory 13 

(USNEL) box corer also referred to here as core. A total of 17 cores (sampling surface of 0.25 m2) 14 

were used for this study (Table 1). Immediately after recovery, the sediment was sliced into 0–1 15 

cm, 1–3 cm, 3–5 cm, and 5–10 cm layers from the surface. Sediment was sieved on a nest of 16 

screens of decreasing mesh sizes: 1 mm, 500 µm, 300 µm, and 250 µm. Retained fractions were 17 

preserved with 4% buffered formaldehyde in seawater. Identification of the macrobenthic fauna 18 

was carried out in the laboratory at different taxonomic levels (phylum, class, order, family). 19 

Considering that 97.7% of the fauna was located within the first five centimetres of the core, 20 

abundances from the first ten centimetres were pooled for the statistical analyses. 21 

2.2. Statistical analyses 22 

Taxa abundances were Hellinger-transformed (Legendre and Gallagher, 2001) prior to 23 

statistical analyses. The Hellinger transformation was used because it preserves the Euclidean 24 
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distance among rows and thereby allows the analysis of abundance data using linear statistical 1 

methods, such as redundancy analysis (RDA; Rao, 1964).  2 

The multiscale distribution of the macrobenthic fauna was assessed at fine (within-station 3 

variability) and broad spatial scales (among-stations variability) using two analytical approaches 4 

described below. Selection of the methods was done according to the spatial covering of the 5 

samples (i.e. distance between two cores; Fig. 2).  6 

2.2.1. Within-station variability 7 

The spatial distribution of the benthic community at the fine spatial scale was described by 8 

the variability of the taxa at station R1 (Fig. 2A). That station was selected based on the number (n 9 

= 8) and the spatial organization of the cores. The station covered ~ 7000 m2 and the distances (d) 10 

among the sample cores varied between 15 and 550 m. The spatial distribution of the community 11 

was quantitatively described using Principal Coordinates of Neighbour Matrices (PCNM), a 12 

method developed by Borcard and Legendre (2002) and Borcard et al. (2004). The method allows 13 

the detection and quantification of spatial variability over a wide range of spatial scales detectable 14 

by the sampling design. It uses the geographical coordinates of the sampling sites to build a matrix 15 

of Euclidean distances among the sampling sites. In the present study, the matrix of distance was 16 

calculated using the geographic coordinates of the cores. The matrix of Euclidean distances was 17 

then truncated at a user-defined threshold to only retain the distances between neighbouring sites. 18 

This threshold was set up at a distance of 50 m, which corresponded to the largest distance between 19 

neighbouring (or: adjacent) cores at station R1. That threshold also accounted for the error in the 20 

GIS positioning of the sampling gear. The other distances among cores in the matrix were replaced 21 

by an arbitrary large value, 200 m. A principal coordinate analysis on the truncated distance matrix 22 

was computed and only the coordinates corresponding to positive eigenvalues were kept. The 23 

resulting principal coordinates (called PCNM eigenfunctions) were sinusoids describing all the 24 

spatial scales that could be observed using the sampling design of the study (Borcard and Legendre, 25 
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2002). The PCNM functions were used afterward in a canonical redundancy analysis (RDA) to 1 

explain the variation in taxonomic composition (response variables) among the cores. Significant 2 

PCNM functions were identified by a forward selection procedure developed by S. Dray (2005) and 3 

implemented in the “packfor” package in R (R Development Core Team, 2005). The procedure 4 

used the results of a permutation test (999 random permutations) to test the significance of the 5 

explanatory variables successively entering the model and stopped when either the contribution (i.e. 6 

R2) of a newly included variable was lower than 0.001 or the p-value of a newly included variable 7 

was higher than an alpha threshold of 0.05. 8 

2.2.2. Among-station variability 9 

Identification of the significant spatial structures at the broad spatial scale was done using 10 

binary coding of the sampling stations (Fig. 2B). We conducted an RDA with the coding as 11 

explanatory variables and the abundance of taxa as response variables. The RDA used the same 12 

forward selection procedure with unrestricted permutations as described above.  13 

3. Results  14 

3.1. Variability of the macrobenthic community 15 

A total of 19 taxa corresponding to 16 428 individuals were observed. From that total, six to 16 

seven taxa made up over 50% of the total abundance every year. Although the major taxa were the 17 

same for the three years of sampling, spatial, taxonomic and temporal variability could be observed 18 

(Fig. 3). For instance, the abundances of Bivalvia decreased from 2000 to 2003 whereas the 19 

abundances of Paranoidae increased. These two taxa also indicated great spatial variability (i.e. 20 

differences among the cores) as shown by the amplitude of the standard deviation bars (Fig. 3). 21 

Altogether these results suggest that yearly punctual or exceptional events may modify the number 22 

of individuals within each taxon without affecting the overall structure of the community (i.e. 23 

relative importance of each taxon).  24 
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3.1.1. Multiscale spatial variability 1 

Spatial analyses indicated that the macrobenthic fauna varied significantly at two spatial 2 

scales: within and among the sampling stations. Quantification of the spatial pattern at the within-3 

station level by PCNM analysis of among the R1 cores produced seven sinusoid-like spatial 4 

functions describing variation at all the spatial scales (i.e. potential patterns of variability) at the 5 

station level (Fig. 4). Forward selection on these variables confirmed the significance of a single 6 

function (PCNM n°1), explaining 33.4% of the taxonomic variability among the cores. The distance 7 

between the two contrasting groups of cores was 170 m. The contributions of the taxa to the single 8 

RDA axis produced by the spatial model at that scale, indicated opposite distribution patterns 9 

between the Pholoidae and three other taxa (the Bivalvia, Scaphopoda, and Tanaidacea; Fig. 5A). 10 

The Pholoidae were 1.9 times more abundant in the light bubbles (cores #60 and 61) than in the 11 

dark bubbles (cores #30 and 35), whereas the Bivalvia, Scaphopoda, and Tanaidacea showed the 12 

inverse pattern and were, respectively, 2.8, 3.0, and 1.9 times more abundant in the dark bubbles 13 

than in the light bubbles (Fig. 5B). It is noteworthy mentioning that the observed spatial differences 14 

in the cores could also be interpreted temporally. The cores displaying spatial differences also 15 

differed in sampling years because the sampling design confounded the spatial and temporal 16 

variations. Therefore, although the statistical analyses focused on spatial variability, spatial 17 

variability cannot be separated from the temporal variability. It would indeed be more appropriate 18 

to refer to spatio-temporal variability at this scale of observation (within-station scale).  19 

The among-stations RDA, which used the binary-coded stations as explanatory variables, 20 

brought out the differences associated with among-station variation. The main factor was the 21 

difference between station R2 and the three other stations: canonical axis 1 accounted for 17.2% of 22 

the total taxonomic variation among the cores (Fig. 6A). Located 100 m deeper than the other 23 

stations, R2 was between 4 and 7 km from the other stations. As indicated by Fig. 6B, the 24 

Scaphopoda and Bivalvia were, respectively, 2.2 and 1.9 times more abundant in R2 than in the 25 
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other stations. Three Polychaetes families (Cirratulidae, Glyceridae, and Pholoidae) showed the 1 

opposite pattern: they were, respectively, 1.8, 2.1, and 1.5 more abundant in the other stations in 2 

comparison to R2. Although associated with depth, the spatial distribution of these macrobenthic 3 

taxa cannot be exclusively interpreted in that context because no other station was located on the 4 

same isobath as R2 and hence the station is confounded with the bathymetry effect. 5 

4. Discussion 6 

Multiscale spatio-temporal patterns 7 

Spatial structures of macrobenthic communities were apparent at two spatial scales 8 

envisioned in this study. At the fine spatial scale, the analysis indicated a significant pattern mainly 9 

between two groups of cores at station R1. Within each group, the core-to-core spacing (i.e. 10 

distance among ) ranged between 15 m and 85 m whereas the groups displayed a geographical 11 

distance of 170 m from each other. The two groups were composed of cores sampled at two 12 

different years, thereby preventing any conclusions regarding the relative importance of the spatial 13 

versus the temporal variability. Whether the distribution was patchy, temporally dynamic, or both, 14 

our study showed that the abundance of the dominant macrobenthic taxa was variable over 15 

relatively short spatio-temporal scales on the upper slope of the Angolan margin. 16 

At the broad spatial scale, structure of the macrobenthic communities differed among 17 

stations located at 1300 m and 1400 m depth corresponding to distances ranging between 4 and 7 18 

km. That pattern was consistent through time, in the sense that cores taken at 1300 m depth in 2000 19 

and 2003 were different from the cores taken in 2000 but at a different depth (1400 m). 20 

Unfortunately, due to logistic limitations (e.g. ship time), it was not possible to sample core 21 

replicates at both isobaths and therefore the sampling was confounding geography, time, and depth. 22 

While we are aware that the sampling design deviated from the ideal crossed and balanced situation 23 

(small sample sizes and low sensitivity), our results (e.g. the similarities in biotic responses 24 

between the two analyses), interpreted in the broader scope of the BIOZAIRE research program, may 25 
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help in identifying processes contributing to the highlighted multiscale patterns of the sedimentary 1 

macrobenthic fauna. 2 

Similar biotic responses at two different scales 3 

At each spatial scale, the abundances of Bivalvia and Scaphopoda were inversely related to 4 

the abundances of Pholoidae. The consistent covariance among these taxa at the two spatial scales 5 

may be explained either by (i) a misinterpretation of the results due to the low taxonomic resolution 6 

of the data, i.e. we may have misinterpreted the response as being from a single “species” while in 7 

fact the biotic responses from the same taxa were from different species, (ii) variation in 8 

community structure was generated by similar causes at both spatial scales, or (iii) different causes 9 

at different scales generated similar biotic responses. The first hypothesis can likely be withdrawn 10 

for the Pholoidae because all the individuals observed in our study belonged to a single 11 

morphospecies of the genus Pholoe. The second and the third hypotheses are somehow more 12 

difficult to sort out because the study was not designed to test such hypotheses. Nevertheless, given 13 

the ubiquity of the three taxa and based on the results from other studies in the BIOZAIRE program 14 

(in this volume), evidences tend to support the hypothesis that variations in the community 15 

structure may have had similar causes at both spatial scales. We suggest that the observed 16 

multiscale patterns may have been caused by the spatially dynamic patchwork of the environmental 17 

conditions prevailing in the study area. The following section explains the rational of this 18 

hypothesis.  19 

Spatio-temporal “patchwork” of environmental conditions 20 

The Pholoidae are small polychaetes, presumably carnivorous (Fauchald and Jumars, 1979), 21 

which ranked third among the dominant polychaete families on the upper slope of the Angolan 22 

margin. As mentioned previously, all the individuals in our samples belonged to the genus Pholoe. 23 

This morphospecies was also among the dominant taxa in the control colonization trays of 24 

enrichment experiments (Menot et al., this volume). During these experiments, the abundance of 25 
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Pholoidae was subject to interannual variability associated with the variability of natural inputs of 1 

organic matter. The recruitment for this species thus seems to be enhanced by episodic pulse of 2 

organic enrichment. 3 

Aside from the particular case of colonization trays, both temporal and spatial variations in 4 

organic matter inputs affect the whole Angolan margin (Rabouille et al., this volume). Temporal 5 

fluctuations for vertical fluxes of particulate organic matter were reported from long-term 6 

pluriannual sediment trap measurements. Spatial variations were also observed in diffusive and 7 

total oxygen uptake measurements. Furthermore, currents on the upper slope of the Angolan margin 8 

are high (up to 20-30 cm/s at 30 m above bottom) and variable in strength and they mainly oscillate 9 

along the slope, with a south-eastward residual (Vangriesheim et al., 2005). Thus the strength and 10 

direction of the currents coupled with their periodical oscillations, suggest the alternation of 11 

deposition/resuspension events in the study area (McCave et al., 1995; McPhee et al., 1998).  12 

Based on the residual current, the sediment transport in the benthic boundary layer could 13 

eventually come from the highly productive area in the vicinity of the Congo canyon (van 14 

Bennekom and Berger, 1984; Wenzhöfer and Glud, 2002), located north of our study area. This 15 

interpretation would be consistent with conclusions of Rabouille et al. (this volume), who stressed 16 

the importance of near-bottom lateral inputs to equilibrate the organic carbon mass balance between 17 

vertical POC fluxes, mineralization and burial rates.  18 

The interactions between multiple sources of POC fluxes, laterally and vertically, the 19 

succession of sedimentation/erosion events, and the supply of young recruits are likely to produce a 20 

spatio-temporal patchwork of environmental conditions affecting the distribution and structure of 21 

macrobenthic communities. As illustrated by the pulse recruitment of Pholoidae (Menot et al., this 22 

volume) or the spatio-temporal variations of the deep macrobenthic communities downslope 23 

(Galéron et al., this volume), modifications of the macrobenthic community structure could be 24 

associated with this spatio-temporal dynamic of habitat patches, which in turn might affect the 25 
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biotic interactions such as the negative covariance observed in this study. The concept of mosaic of 1 

habitats was notably introduced by Grassle and Sanders (1973) as a driver for local species 2 

coexistence in the deep sea. Grassle and Sanders (1973) however emphasized the role of micro-3 

succession stages at a much finer scale than those reported here. Several studies searched for spatial 4 

patterns of macrobenthic communities to test this coexistence hypothesis at such fine spatial scales 5 

(Jumars, 1975; Smith, 1986; Kukert and Smith, 1992; Schaff and Levin, 1994; Snelgrove et al., 6 

1994) but none of them provide strong evidence in support of the patch dynamic hypothesis 7 

favouring species coexistence (Snelgrove and Smith, 2002). In this study, multivariate analyses 8 

showed that the macrobenthic community on the upper slope of the Angolan margin is, to a certain 9 

extent, structured in space but at broader scales than those previously envisioned by Grassle and 10 

Sanders (1973). Long term measurements of POC fluxes and currents recorded during the BIOZAIRE 11 

research program underlined the variability of the environmental settings, but unfortunately the 12 

sampling scheme of environmental variables did not permit to identify the factors responsible for 13 

the observed patterns. 14 

Implications for sampling strategies 15 

The primary purpose of this study was to identify spatial patterns of macrobenthic 16 

communities to provide advice on sampling schemes in baseline studies. Analysis at the scale of a 17 

sampling station displayed no significant spatial pattern below a distance of 170 m. Considering the 18 

fine-scale dynamic nature of deep-sea benthic communities (Snelgrove et al., 1994), supplementary 19 

analyses using a finer and more regular sampling grid are thus needed before suggesting that distance as 20 

a threshold below which the cores could be considered as being autocorrelated (sensu Legendre and 21 

Legendre, 1998). This means that spatial structures observed below that threshold would be produced 22 

by the community dynamics as opposed to spatial structures above that threshold which would be 23 

environmentally induced. Therefore, sampling at a scale finer than these 170 m would be in a sense 24 

“useless” when identifying significant environmental variability in taxonomic composition. 25 



 

 12

Concurrently, differences in community structure among the sampling stations were 1 

significant. The smallest distance between two stations displaying such differences was 2 

geographically estimated to be 4000 m. It would be ill-advised however to specify that distance as a 3 

“among-station” threshold because some distances separating two stations were not replicated (e.g. 4 

1000 m) and, as mentioned in the results section, it is difficult to separate the station effect from the 5 

bathymetry effect at that scale.  6 

In conclusion, it is essential when developing designs dedicated to baseline studies, to 7 

include several control stations (and replicates within stations) at different depths and time and 8 

conduct a balanced cross-designed survey such that the “natural” spatial variability, the temporal 9 

variability, the depth variability, and their interactions could be effectively tested (Underwood, 10 

1994).  11 

12 
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Figure captions 1 

Fig. 1 Study area located on the West African Equatorial margin along the coast of the Angola. 2 

The present study was conducted in Zone A (ZA: grey square). The map is a courtesy of Ifremer (© 3 

IFREMER DRO/GM). 4 

Fig. 2 Summary of the (A) within-station and (B) among-stations statistical analyses used in the 5 

study.  6 

Fig. 3 Mean abundance of taxa in 2000, 2001, and 2003. Vertical bars indicate the standard 7 

deviation, which correspond to the spatial variability among the 17 cores.  8 

Fig. 4 Bubble-plots illustrating the PCNM functions corresponding to the potential spatial scales 9 

of variability based on the geographic distances among the cores at station R1.   10 

Fig. 5 Analysis of the variability within station R1.  (A) Contributions of the taxa to the formation 11 

of the single RDA canonical axis. The loadings along the first non-canonical axis are used to 12 

produce a 2-dimensional plot instead of pointing the taxa scores along a single axis. The shaded 13 

arrow above the graph indicates variation in the abundance of the taxa: the taxa located on the right 14 

display high abundance values in the cores associated with the dark-coloured bubbles in the map 15 

(graph B) whereas the taxa located on the left were more abundant in the cores associated with 16 

light-coloured bubbles. The size of the bubbles reflects the core scores along the canonical axis. 17 

Fig. 6 (A) Among-stations variability in the space of the first 2 RDA axes and (B) species 18 

ordination.  19 
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Tables 1 

Table 1 Core code numbers, corresponding to the three BIOZAIRE cruises, analysed in the 2 

present study. The geographic locations of the stations are shown in Fig. 2. 3 

Cruises Years Stations Codes for the cores 

Zaïango-Biol 2 

 

BIOZAIRE 2 

BIOZAIRE 3 

 

2000 

 

2001 

2003 

 

R1 

R2 

R1 

R1 

R1’ 

R3 

#04, 05, 06  

#07, 09, 17 

#31, 35 
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#62, 63, 64 

#56, 57, 58 
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First canonical axis (33.4%)
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 1 
Fig. 6

B)

First canonical axis (17.2%)
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