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Although the comparison of relevant scales of variation is a prerequisite for understanding processes
structuring benthic communities, deep-sea studies have traditionally examined spatial patterns of distri-
bution of assemblages along a single scale or environmental gradient. A multiple-scale approach identi-
fying which spatial-scale and associated environmental gradient is the most important in structuring the
deep-sea benthos has never been attempted. To answer this question this study merged three indepen-
dent data sets of nematodes from the Arctic deep seas. The data set included 300 samples and covered
both margins of the Arctic Seas (Greenland and Norway-Spitsbergen, ca. 10°> km distant apart), seven
degrees of latitude (72-79°N), 2700 m depth differences (656-3350 m), horizontal distances between
cores (20 cm) and vertical distances within the uppermost sediment layers (1-5 cm). Results showed that
for abundance (N) and generic composition, differences between margins (M) and between cores (C)
were the most important sources of variability, followed by water depth (D), vertical distribution within
the sediment (VD) and latitude (L). For species and genera diversity, measured as ES(50) and EG(50), the
order was slightly different. For species, C was the most important source of variability, followed by D, M
and L, while for genera VD was the most important. Relationships between environmental variables and
the fauna were highly dependent on scale indicating that, at least for the deep-sea environment, we can-
not predict the structure of nematode assemblages by scaling up or down results obtained on one or
another scale. The only consistent pattern across different spatial scales was that higher abundances were
associated with higher number and lower turnover of species. This raises the hypothesis that the most
abundant species are also the most widespread and that abundance is the best predictor of nematode
diversity patterns in deep-sea ecosystems.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Patterns in nature are scale dependent (Andrew and Mapstone,
1987). The scales on which patterns emerge depend upon the eco-
logical factors structuring them (Wiens et al., 1993); i.e. factors
that structure assemblages at the small scale are not necessarily
the same as those structuring assemblages at larger scales. For in-
stance, at small scales (<1 m), deep-sea faunal distribution is as-
sumed to depend primarily on oxygen availability, biogenic
disturbances, and interactions between organisms or between
organisms and their micro-habitat (Eckman and Thistle, 1988;
Snelgrove et al., 1992; Schaff and Levin, 1994). In contrast on larger
scales, physical parameters (e.g. hydrodynamic regimes and near-
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bottom currents; Thistle and Sherman, 1985) as well as input of
food from the euphotic zone and adjacent margins have been sug-
gested to be relevant (Schaff et al.,, 1992; Vanreusel et al., 1995;
Galerén et al., 2000). The identification of relevant scales of varia-
tion is therefore a necessary prerequisite for understanding pro-
cesses structuring ecological communities and the scales at
which these processes act (Underwood and Chapman, 1996; Chap-
man and Underwood 2008). Moreover, it helps in determining the
extent to which a process operating at one scale can be generalised
to other scales (Thrush et al., 1997).

Due to resource and logistic constrains, deep-sea studies have
traditionally examined spatial patterns of distribution of popula-
tions and assemblages along a single scale or environmental gradi-
ent. The two most studied environmental gradients structuring
deep-sea benthic organisms are water depth, which varies in the
scale of hundreds of meters to kilometres (Soetaert and Heip,
1995; Soetaert et al., 1997; Vanaverbeke et al., 1997; Muthumbi
et al.,, 2004; Hoste et al., 2007) and sediment depth at the scale
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of centimetres (Vincx et al., 1994; Soetaert et al., 1997). Particu-
larly for meiofauna and nematodes, the number of individuals
tends to decrease towards the deeper sites, while diversity peaks
at intermediate water depths (Lambshead and Boucher, 2003). In
the sediment layers, abundance and diversity dramatically de-
crease vertically with each centimetre layer (Vincx et al., 1994).
Small scale (<1 m) horizontal heterogeneity is another important
source of variability, although less studied (Gallucci et al., 2009).
Variability of meiofauna assemblages in the horizontal small scales
and between sediment layers is believed to be more important
than changes along larger-scale gradients (Soetaert et al., 1997,
Vanaverbeke et al., 1997).

Recent studies covering large-scale patterns in the deep sea
showed that meiofauna may also change significantly over lati-
tudes (Lambshead et al.,, 2002; Mokievsky and Azovsky 2002)
and longitudes (Danovaro et al., 2008). Furthermore, variability
at such large-scales is more pronounced than at smaller scales in
the order of kilometres and meters (Gambi and Danovaro, 2006).
Despite different sampling designs and different outcomes, a gen-
eral agreement among these studies was that a single scale could
not explain the entire variability of meiofauna assemblages. How-
ever, which spatial scale and associated environmental gradient is
the most important in structuring the deep-sea meiofauna is still
poorly understood.

Quantifying which spatial scale of variation is most important
in structuring the fauna requires a proper sampling design and
multiple spatial scales need to be analysed simultaneously (Archa-
mbault and Bourget 1996; Underwood and Chapman 1996; Ken-
dall et al. 2003). However, differently from shallow-water and
intertidal environments, multiple scale assessment in the deep-
sea is logistically difficult. To address this issue, the present study
merged three data sets with comparable methodologies from the
Arctic Seas. The main aim was to investigate distributional patterns
of deep-sea nematodes over five spatial scales (i.e. western and
eastern margin of the Arctic Seas [ca. 1000 km apart from each
other], seven degrees latitude [72°N-79°N], 2700 m depth differ-
ences [656-3350m], horizontal distances between cores [ca.
20 cm] and the vertical distances within the sediment [1-5 cm]).
Nematodes are the most abundant and one of the most specious
metazoans in deep-sea sediments (Lambshead, 1993). Their diver-
sity patterns at the small and larger scales appear to be related to
that of other benthic components such as Foraminifera (Gooday
et al.,, 1998) and macrofauna (Levin et al., 2001; Lambshead and
Boucher, 2003). Nematodes are therefore considered to be good
surrogates of spatial patterns of other benthic organisms in the
deep sea (Danovaro et al., 2008). Specifically, the first hypotheses
being tested was that deep-sea nematode assemblages, in terms
of abundances, species and genera diversity and composition, var-
ied significantly at the different spatial scales and that each scale
contributed differently to the total variability. The second hypoth-
esis being tested was that deep-sea nematode assemblages corre-
lated significantly with environmental variables (organic matter,
sediment water content, chloroplastic pigments equivalents and
percentage of chlorophyll-a) at the different spatial scales. The
main objective of this second hypothesis is to unravel whether
there is a consistent pattern between fauna and the environment
across different spatial scales in the Arctic deep seas.

2. Materials and methods
2.1. Study area

The margins of the Arctic Seas (here defined as Greenland Sea,
Norwegian Sea and Fram Strait) are characterized by two major

water currents with contrasting oceanographic conditions: the
warm West Spitsbergen Current (WSC) along the eastern side flow-

ing poleward and the ice-infested East Greenland Current (EGC) on
the western margin flowing southward (Saloranta and Haugan,
2001; Fig. 1). The WSC is the polar limb of the North Atlantic circu-
lation containing source waters of the Norwegian Atlantic Current
and keeps the high latitudes, up to 78°N, ice-free most of the year
(Aagaard et al., 1987). The EGC surface waters have constant tem-
peratures close to the freezing point, low salinities (30 psu), and
transport >90% of the sea ice formed in the Arctic Mediterranean
which keeps the coastal areas ice covered seasonally to varying ex-
tents (Rudels et al., 2005). At lower latitudes, when approaching
the Greenland and Iceland Seas, the EGC is also fed by warm and
saline water from the south via the Norwegian Atlantic current
(Aagard et al., 1985) which suppresses ice formation. These marked
hydrographical differences between the EGC and WSC have direct
effects on pelagic processes, primary production and sedimenta-
tion rates to the deep seafloor (Bodungen et al., 1995). Both mar-
gins differ largely in respect to the amounts and composition of
exported particles as well as the seasonality in vertical particle
fluxes (Bodungen et al., 1995). On average, mass flux as wells as
carbonate and particulate organic carbon fluxes are generally high-
er in the Norwegian Sea than in the Greenland Sea (Hebbeln and
Berner, 1993).

2.2. Sampling design and sample processing

Data from three independent studies from the Arctic deep seas
(Fonseca and Soltwedel, 2007, 2009; Hoste et al., 2007) were
merged to indentify the spatial scales that contributed most to
the variability in abundance, species richness, species diversity
and nematode species composition. The samples covered both
margins of the Arctic Seas, four degrees of latitude (72°, 74°, 76°
and 79°) and two bathymetrical transects (Fig. 1). Bathymetrical
transects were restricted to latitude 74°N at the western margin
(water depths: 656, 1198, 1560, 2129, 2735, 3033 m) and to lati-
tude 79°N at the eastern margin (water depths: 1246, 1495,
1929, 2385, 2805, 3350 m). Latitudinal transects were restricted
to 2000 m water depth. At each station, three samples from the
same multiple corer were taken (ca. 20 cm apart from each other)
and vertically sliced at one centimetre interval down to the 5th
layer (Fig. 1). A total of 300 samples were analysed.

The applied methodological procedures were for each sample
the same. Sub-sampling of the multiple-core (MUC) was performed
with syringes with cut-off ends (5 cm in length and 1.2 and 2 cm in
diameter for environmental variables and faunal parameters,
respectively). Each sub-sample was taken from different cores, at
least 20 cm apart from each other. To characterize the sedimentary
environment, sediment water content and organic matter were
determined. Sediment water content (H,0), indicating the porosity
of the sediments, was assessed by weight loss of wet sediment
samples dried at 60 °C. The total organic matter (OM) content
within the sediments was estimated by determining the ash-free
dry weight after combusting sediment samples for 2 h at 500 °C.
The input of phytodetritus, representing the main food source for
benthic organisms, was estimated by determining sediment-bound
pigments. Chloroplastic pigments (chlorophyll-a [Chl-a] and its
degradation products, i.e. phaeopigments [Phaeo]) were extracted
in 90% acetone and measured with a Turner fluorometer according
to Yentsch and Menzel (1963) and Holm-Hansen et al. (1965). The
bulk of pigments registered with this method (Chl-a + Phaeo) are
termed chloroplastic pigment equivalents (CPE). The percentage
contribution of Chl-a to the total pigment content (Chl-a%) is used
to indicate the ‘freshness’ of the phytodetrital matter in the
sediments.

Sediment samples for meiofauna investigation were fixed in
10% formalin immediately after sampling. In the laboratory, sam-
ples were washed through a 32 um sieve, centrifuged (900 rpm)
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Fig. 1. Map of the sampling sites and schematic view of the sampling design. Dots represent the sampling stations and lines the bathymetrical transects. WSC, West

Spitsbergen Current; EGC, East Greenland Current.

in a solution of colloidal silica (LUDOX TM-50) with density of
1.18 gcm3, stained with Rose Bengal and sorted under a low
power stereo microscope (Heip et al., 1985). Nematodes were
picked out, transferred to anhydrous glycerol, and mounted on per-
manent slides. Nematodes were identified to genus level (Warwick
et al., 1998) and separated into putative species. Species were only
used as univariate descriptor of the fauna. For the multivariate
analysis (see data analysis) we used the data at generic level, since
the separation into putative species from the different data sets
was done by different people. Genera belonging to Monhysteridae
were considered as one group in the uni- and multivariate analysis,
since this family has been recently reviewed and modified by Fons-
eca and Decraemer (2008).

2.3. Data analysis

This study investigates primarily the contribution of each spa-
tial scale or gradient in explaining the variability in nematode
assemblages and the environmental factors which determine this
variability. Descriptive information of the current data including
nematode species composition was published elsewhere and it is
out of the scope of this study (Fonseca and Soltwedel, 2007; Hoste
et al., 2007; Fonseca and Soltwedel, 2009). Since bathymetrical
transects were restricted to one latitude at each margin (Fig. 1),
we split the entire data set into two sub-groups. One data set con-
sisted of 120 samples and included the factors: margin, latitude
and vertical distribution in the sediment. The second data set
was based on 180 samples and included the factors: margin, bathy-
metrical gradient and vertical distribution in the sediment.
Although replicates were taken from the same MUC and regarded

as dependent samples (i.e. technically pseudo-replication), we con-
sidered in the analysis as independent samples since nematodes
assemblages are most likely to vary on scales that the sub-cores
of a MUC are significantly different from each other (Gallucci
et al. 2009). Both data sets were therefore analyzed in the same
way by means of analysis of variance (ANOVA) using mixed model
designs (Table 1). Since in both designs the vertical layers in the
sediment were not replicated within each core (zero degrees of
freedom for the error term), the analyses were done using a

Table 1

Summary of the ANOVA mixed models designs used to analyse both data sets. L,
latitude; D, water depth; F, fixed; R, random; M, margin; VD, vertical distribution; C,
core; DF, degrees of freedom.

Model Type Effect term Error term DF
L F M M, L) 1
B L C(M L) 3

F VD *C(M, L) 4

MxL C(M L) 3

M % VD VD « C(M, L) 4

L+VD VD « C(M, L) 12

M+ L+VD VD « C(M, L) 12

R M, L) - 16

VD « C(M, L) - 64

D R M D(M) 1
B VD M % VD 4

M % VD VD « D(M) 4

R D(M) C(M,D) 10

R (M, D) - 24

VD % D(M) VD « C((M, D) 40

VD x (D, M) - 96

deep seas. Prog. Oceanogr. (2010), doi:10.1016/j.pocean.2009.11.001
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split-plot design. For all the calculations we used the Type-IIl sums
of squares. The homogeneity of variances was tested by Cochran’s
test and when necessary data was Log(x + 1) transformed. All these
tests were conducted with STATISTICA v7.0.

ANOVA further allows a quantitative measure of the variation
associated with each factor in the analysis and the respective inter-
action effects from the mean squares estimates to be determined
(Quinn and Keough, 2002). For the fixed factors we calculated
the effect sizes and for the random factors the component variance.
These calculations were done in accordance with Quinn and
Keough (2002, p. 217).

Peaks of effect sizes and variance components indicate scales at
which the between-group differences are especially large, suggest-
ing that this may represent the scale of natural aggregation or
patchiness in the system. Furthermore, coincidence in the variance
peaks of different features of the system (e.g. nematode abundance
and sediment water content) may indicate common spatial scaling
and the possibility of direct linkages (Wiens, 1989). Given this, cor-
relation between effect sizes of the environmental variables and
the fauna, and between components variances, were also calcu-
lated to test whether or not independent variables are varying in
the same magnitude across the different spatial scales.

As univariate descriptors of the fauna we used abundance (N)
and the expected number of species and genera after sampling
50 individuals randomly (ES(50) and EG(50), respectively). The
two most traditional measures of diversity, the absolute number
of species (S) and Shannon Wiener diversity (H') were not further
considered in this study, since S was strongly correlated with N
(r>0.88) and ES(50) with H' (r > 0.93) in both data sets.

The analytical design used for the multivariate analyses of the
fauna was the same used for the univariate measures (Table 1).
The test of each term was done by means of multivariate multiple
regression analysis with the software DISTLM (Anderson, 2004).
The theoretical background of this analysis is given by McArdle
and Anderson (2001). The main advantage of this software over
others is that DISTLM allows the analysis of split-plot designs of
multivariate data by entering a third matrix (Xdenom), which con-
tains the codes for the denominator term for the individual test to
be performed. In addition to the Xgenom matrices, one must also
provide the program with a coding matrix (X) corresponding to
the term to be tested (i.e. main effects and interaction effects). Both
types of matrices (X, Xdenom) were created with the software
XMATRIX (Anderson, 2003). P-values were obtained using 999 per-
mutations of residuals under the reduced model. All tests were
applied on a Bray-Curtis similarity matrix underlying the classifi-
cation of samples (factors). Prior to the analysis, data were stan-
dardized and Log(x+1) transformed. Since our data set was
characterized by many samples having few individuals or even
no individuals, increasing significantly the variability of the data,
we added a dummy variable (weight 1) to the matrix (Clarke and
Gorley, 2006). Multi-dimension scaling (MDS) plots of the multi-
variate structure of the nematode assemblages (Multiv) were per-
formed with PRIMER v6 (Clarke and Gorley, 2006).

Finally, to know whether correlations between environmental
variables and the univariate parameters of the fauna were depen-
dent on the scale analysed (e.g. LogN and H,O could be strongly
correlated at latitudes but not necessarily and the scale of vertical
distribution in the sediment layers), we performed Spearman-rank
correlations for each effect term presented in Table 1. For this we
averaged and calculated the 95% confidence interval for each vari-
able at each level of the analysis.

At this stage, we were especially interested in whether the envi-
ronmental variables were positively or negatively correlated with
the fauna and which variable was responsible for the highest cor-
relation value.

3. Results
3.1. Nematode assemblages

From a total of 33,995 nematodes surveyed, 180 nematode gen-
era were observed. The mean number of genera per core, regard-
less of sediment layers, was 15 (SD + 10). Along the GL margin,
only the three most abundant taxonomic units, Monhysteridae,
Acantholaimus and Daptonema, occurred in more than 50% of the
samples, while along the NS margin, the ten most abundant genera
(the previous three together with Tricoma, Halalaimus, Dichrom-
adora, Desmoscolex, Theristus, Sabatieria and Microlaimus) occurred
in more than 50% of the samples.

For the univariate measures of the fauna, Log N, ES(50) and
EG(50), the results of both ANOVA models (L and D) pointed to sig-
nificant differences for most of the main factors and interaction ef-
fects (Table 2). The analysis based on Model L showed that
differences in abundances, species and genera diversity were
dependent on the margin, latitude and vertical layer of the sedi-
ment analysed (significant interaction effect). Higher abundance,
species and genera diversity values for the NS margin were only
observed in the northern latitudes (76°N, 79°N) at the deeper lay-
ers of the sediment (Fig. 2). Abundance, genera and species diver-
sity of the deeper layers of the sediment (<3 cm) along the GL
latitudinal gradient decreased with increasing latitude, while along
the NS margin latitudinal trends were less pronounced (Fig. 2). In
relation to water depth (Model D), along the GL margin, the deeper
stations (>2000 m water depth) had in average more individuals,
species and genera diversity than shallower stations (not always
significant), while along the NS margin these three parameters
were in average higher at shallower stations (Fig. 3). At the upper
sediment layers, standard deviations from all parameters in both
models were overlapping indicating no differences between mar-
gins, latitude and water depth.

Analysis of effect sizes and variance components showed that
for Log N, difference between margins in both ANOVA models (L
and D) was the most important factor explaining the total variance
(0.18 and 0.20, respectively; Table 2). Variability between cores
was the second most important in both models. For ES(50), both
models also showed similar patterns. In that case, the residuals
of both analyses, which are the variability between cores and the
interaction effect between cores and vertical distribution, ex-
plained most of the total variance, summing up to 68.26 in Model
L and 58.01 in Model D. Apart from the residuals, in Model L differ-
ences in ES(50) between sediment layers (VD) was the second most
important factor (23.8). In Model D differences between water
depths (25.3) was more important than differences between sedi-
ment layers (16.95) in explaining the total variance. For EG(50), VD
was the most important source of variability in both models fol-
lowed by cores.

Results of the DISTLM analysis showed that for the Model L dif-
ferences between nematodes assemblages were dependent on the
margin, latitude and vertical sediment layer analysed (interaction
effect, Table 2). For the Model D, significant interaction effects
were also observed. In both models, the residuals explained most
of the total variance (Table 2) followed by differences between
margins. Differences between water depths were more important
than differences between vertical layers in the Model D, and differ-
ences between vertical layers were more important than differ-
ences between latitudes in the Model L.

By plotting both data sets in independent MDS-plots using sed-
iment vertical distribution as coding factor, a horizontal gradient
along the X-axis with samples from the upper layers getting more
aggregated towards to the right hand side of the graph becomes
evident (Fig. 4). It is interesting to note that although we had per-
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Table 2
Results of the ANOVA for both data sets. MS: means squares; Var: variance components or effect sizes; Multiv: nematode genera composition; N: abundance; ES(50) and EG(50): expected number of species and genera after sampling
randomly 50 individuals; OM: organic matter; H,O: sediment water content; Chl-a%: percentage of chlorophyll-a; CPE: chloroplastic pigment equivalents. For further abbreviations see Table 1. Bold values stand for p < 0.05 and
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underlined values stand for the highest effect size or component variance.

Model Factor MS B p Var MS F p Var MS F p Var MS F p Var
Log N ES(50) EG(50) Multiv

L M 10.62 124.88 0.001 0.18 897.96 17.09 0.001 14.09 149.63 4.40 0.050 1.93 23844.45 16.122 0.001 372.76
L 1.83 21.52 0.001 0.02 327.53 6.23 0.005 3.06 113.57 3.34 0.046 2.65 6892.62 4.66 0.001 60.15
VD 7.46 170.77 0.001 0.08 2300.97 146.50 0.001 23.80 1086.05 92.94 0.001 44.77 12073.66 8.72 0.001 111.35
ML 2.47 29.00 0.001 0.05 318.81 6.07 0.006 5.92 255.83 7.52 0.002 16.28 6856.15 4.64 0.001 119.49
M % VD 0.17 3.92 0.007 0.00 234.87 14.95 0.001 4.57 109.11 9.34 0.001 8.12 3578.52 2.59 0.001 45.71
L +VD 0.31 7.07 0.001 0.00 49.35 3.14 0.001 0.47 18.98 1.62 0.107 1.22 1813.42 1.31 0.043 5.96
M %L VD 0.23 5.25 0.001 0.01 63.53 4.05 0.001 1.33 38.81 332 0.001 9.04 2382.61 1.72 0.001 27.73
M, L) 0.09 0.09 52.55 52.55 34.01 34.01 1479.00 1479.00
VD x C((M, L) 0.04 0.04 15.71 15.71 11.69 11.69 1384.22 1384.22

D M 19.40 11.40 0.007 0.20 753.08 1.79 0.210 3.70 832.05 2.35 0.156 5.31 48050.86 6.06 0.001 445.79
VD 7.52 29.94 0.003 0.05 2629.40 13.96 0.013 16.95 1250.16 22.06 0.005 33.15 15138.11 3.79 0.001 77.36
M % VD 0.25 1.87 0.134 0.01 188.33 3.92 0.009 7.79 56.68 1.79 0.149 1.39 3997.67 1.65 0.015 87.10
D(M) 1.70 10.63 0.001 0.10 420.35 10.31 0.001 25.30 353.89 12.40 0.001 21.69 7929.90 3.80 0.001 389.37
C(M, D) 0.16 0.16 40.79 40.79 28.53 28.53 2089.37 2089.37
VD x D(M) 0.13 2.38 0.001 0.02 48.05 2.79 0.001 10.28 31.62 2.92 0.001 6.93 2429.79 1.67 0.001 325.32
VD x C(BD, M) 0.06 0.06 17.22 17.22 10.83 10.83 1453.84 1453.84

oM H,0 Chl-a% CPE

L M 242.95 63.57 0.000 3.99 15.66 72.74 0.000 0.26 28.42 2.26 0.152 0.26 137.35 13.45 0.00 2.12
L 46.51 12.17 0.000 0.47 5.31 24.66 0.000 0.06 356.07 28.33 0.000 3.82 310.15 30.38 0.00 3.33
VD 2.23 1.85 0.131 0.01 17.02 167.17 0.000 0.18 6.29 1.03 0.399 0.00 552.66 152.27 0.00 5.72
ML 10.01 2.62 0.087 0.14 524 24.33 0.000 0.11 332.34 26.44 0.000 7.11 104.95 10.28 0.00 2.11
M % VD 1.70 1.40 0.243 0.01 1.79 17.61 0.000 0.04 10.09 1.65 0.172 0.08 6.73 1.86 0.13 0.06
L+VD 0.67 0.56 0.869 —-0.01 0.61 5.99 0.000 0.01 10.86 1.78 0.071 0.07 59.00 16.26 0.00 0.77
M x L VD 2.18 1.81 0.066 0.03 0.63 6.23 0.000 0.01 12.13 1.99 0.040 0.17 37.28 10.27 0.00 0.93
M, L) 3.82 3.82 0.22 0.22 12.57 12.57 10.21 1021
VD x C((M, L) 1.21 1.21 0.10 0.10 6.11 6.11 3.63 3.63

D M 420.21 7.01 0.024 4.00 18.06 3.62 0.086 0.15 5.09 0.98 0.345 0.00 501.27 14.76 0.00 519
VD 1.59 2.10 0.245 0.01 23.70 28.26 0.003 0.16 10.84 10.30 0.022 0.07 48.00 14.29 0.01 0.31
M VD 0.75 0.90 0471 —-0.01 0.84 0.17 0.950 0.01 1.05 0.92 0.460 0.00 3.36 1.96 0.12 0.09
D(M) 59.94 41.85 0.000 3.90 4.99 1047 0.000 0.30 5.19 9.02 0.000 0.31 33.97 25.23 0.00 2.17
C(M, D) 1.43 1.43 0.48 0.48 0.58 0.58 1.35 1.35
VD x D(M) 0.84 1.24 0.195 0.06 0.62 3.74 0.000 0.15 1.14 1.70 0.019 0.16 1.71 2.16 0.00 0.31
VD x C(D, M) 0.67 0.67 0.17 0.17 0.67 0.67 0.79 0.79
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Fig. 2. Mean and standard deviation of the Log-transformed nematode abundances (Log N) and expected number of species and genera after sampling 50 individuals (ES(50)
and EG(50), respectively) at each latitude and sediment layer. Greenland (GL): dots; Norway-Svalbard (NS): squares.

formed the analysis on the standardized data set, absolute abun-
dance was the main variable predicting the multivariate structure
of the assemblage. Results of a simple regression for the MDS coor-
dinates along the X-axis using Log-transformed abundance as pre-
dictor showed that abundance predicted 88% or the variability
along the MD1 (Fig. 5; r* = 0.88, p < 0.01). This means that higher
abundances are associated with higher positive values of the X-axis
and higher similarity between assemblages from different samples.
In other words, samples characterized by lower abundances do not
share the same species and were more spread in the MDS plots.

3.2. Environmental variables

Significant differences of organic matter (OM) in Model L were
restricted to the factors M and L. OM was higher in the NS margin
and at higher latitudes, 76°N and 79°N. Concerning Model D, OM
also significantly differed between margins and water depths with-
in margins (Table 2). The NS margin had higher values than GL and
shallower stations along the NS margin had more material than the

deeper stations, while along the GL margin mid-slope stations had
the highest OM concentrations. In both models, the factor margin
was the most important factor structuring OM concentrations.

Significant differences in sediment water content (H,O), an
indirect measure of sediment porosity, were dependent on the
margin, latitude and vertical layer analysed (Model L, Table 2).
Concentrations were higher along the NS margin at latitudes 74°,
76° and 79°N. In Model D, difference in sediment water content
was dependent on the water depth and vertical sediment layer
analyzed. Along the NS margin, sediment water content decreased
with increasing depth at all layers, while at the GL margin signifi-
cant changes were only observed at the uppermost layer at mid-
slope stations. In both models when considering each factor indi-
vidually, the residuals accounted for most of the total variability,
followed by M in Model L and D(M) in Model D.

Differences in Chl-a% and CPE were dependent on the margin,
latitude and vertical layer analysed (significant interaction effect,
Model L). Significant differences in CPE and Chl-a% concentrations
were restricted to the uppermost sediment layer. At the 79°N sta-
tion CPE was higher at the GL margin, and at the 72° and 74°N CPE

deep seas. Prog. Oceanogr. (2010), doi:10.1016/j.pocean.2009.11.001
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Fig. 4. MDS plots of the standardized, Log-transformed nematode assemblages for both models using sediment vertical distribution as coding factor. 1-5 cm: @

was higher at the NS margin. Chl-a% followed a similar pattern,
being higher at latitude 74 °N in GL and at 79°N in NS. Variability
of CPE in Model L was mainly explained by the residuals followed
by VD, while in Model D differences between margins and depths
within margins were the two most important structuring factors.
For Chl-a%, the residuals of both ANOVA models accounted for
most of the variability, followed by the interaction MxL and
D(M), respectively.

3.3. Nematodes versus environmental variables

3.3.1. Effect sizes and variance components

With the exception of EG(50), all effect sizes derived from the
fixed factors of the ANOVA models of the fauna were significantly
correlated to the effect sizes of sediment water content (Table 3).
This means that fauna and water content were varying at similar
magnitude at the different scales. The higher the difference of

deep seas. Prog. Oceanogr. (2010), doi:10.1016/j.pocean.2009.11.001
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Fig. 5. Scatterplot between coordinates of the MD1 and Log N for the Model L (a)
and Model D (O).

sediment water content between two levels of a factor (e.g. Mar-
gins, Latitudes, etc.), the higher was the difference in abundance,
species diversity and multivariate structure. Effect sizes and vari-
ance components of Log N were also highly correlated to OM
(r>0.70). Effect sizes of the multivariate structure of the nema-
todes were also significantly correlated to the effect sizes of OM
(Table 3). Variance components of the fauna were positively corre-
lated to the effect sizes of H,0, although only significant for EG(50)
(Table 3). Effect sizes and variance components of EG(50) were
highly correlated with ES(50) (0.65 and 0.96, respectively).

3.3.2. Correlations at the different scales

Results of the Spearman Rank correlation showed that EG(50)
and ES(50) are highly positively correlated (r > 0.90) at all the spa-
tial scales and therefore only ES(50) will be analysed with the envi-
ronmental variables. The correlation between Log N and ES(50)
versus the environmental variables for both models (L and D) are
presented in Appendix A and B. In both models, correlations be-
tween fauna and environmental variables were dependent on the
scale (effect term) analysed. For instance, if we consider the rela-
tionship between Log N and OM in both models, the correlation
was significantly high (r> 0.98) for the effect term margin (M), it
was low and not significant (Model L: r = 0.20; Model D: r=0.15)
for VD and it was low and negative (r = —0.17) for the effect term
D(M), in the case of the GL margin, and highly positive (r=0.79)
along the NS margin (Fig. 6a). The relationship between Log N
and OM for the effect term VD x D(M) varied from negative
(r=-0.20, 1198 m water depth in the GL margin) to highly positive
(r=0.77, 2129 m, GL) (Fig. 6b).

With the exception of few cases, for both models, negative cor-
relations between the univariate measures of the fauna and OM
were mainly observed within cores, VD x C(M, L) and VD = C((M, D).
This means that at larger scales OM had a positive correlation with
abundance and diversity of nematodes, while at the smallest scale
it had a negative or positive correlation depending on the station
and replicate considered.

With few exception in both models, the results of ES(50) mir-
rored the results of Log N. For instance, for the factor M in both

Table 3

M, D(M), VD, M*VD

a 3-
D(M)NS
z T~
2 .
S D(M) GL /;D M*VD NS
%1 ”~ o
MVDGL 7
1 T T T T T 1
0 2 4 6 8 10 12
oM
VD*D(M
- )
656 m 2129 m

2735 m
3033 m

1560 m

LogN

0 2 4 6 8 10 12

Fig. 6. Correlation between Log-transformed abundance (N) and organic matter
(OM) for the effect terms M, D(M), VD and M = VD (a) and for the interaction effect
term VD x D(M) along the Greenland margin (b) of the ANOVA Model D. Numbers
indicate water depths in meters.

models, Log N and ES(50) were positively correlated to all environ-
mental variables (Appendix A and B). For the factor L both variables
were significantly positively correlated to H,O and OM, while for
the factor D(M) along the GL margin they were significantly posi-
tively with CPE and Chl-a%. For most of the cases when the factor
VD was included in the interaction effect (i.e. M VD, L« VD,
VD x« D(M), etc.), nematodes were significantly positively corre-
lated with CPE and Chl-a% (Appendix A and B).

4. Discussion

The aim of this study was to understand differences in deep-sea
nematode assemblages over five spatial scales representing differ-
ent environmental gradients. Vertical distribution in the sediment
(1 cm scale) and variability between cores from the same sampling
station (ca. 20 cm scale) were the smallest scales, while water
depth, latitude and differences between both margins of the Arctic
Seas represented the larger scales (kilometres scale). The results of
the component variances showed that within each of these scales
the environmental conditions varied in a different way. For in-
stance, chloroplastic pigments (CPE and Chl-a%) varied more at
the smaller than at the larger scales. Among the larger scales, both
variables changed more pronouncedly along the bathymetrical

Correlation between effect sizes and variance components derived from the ANOVA of the fauna and the environmental variables. For abbreviations see Table 2. Bold values stand

for significant correlation at p < 0.05.

Var Effect-sizes Variance components

Log N ES(50) EG(50) Multiv Log N ES(50) EG(50) Multiv
oM 0.72 0.03 -0.44 0.87 0.70 0.37 0.57 0.02
H,0 0.91 0.90 0.23 0.80 0.60 0.66 0.76 0.60
Chl-a% -0.21 -0.32 -0.21 -0.11 —-0.09 0.66 0.60 043
CPE 0.44 0.63 0.14 0.32 0.35 0.56 0.61 0.27

deep seas. Prog. Oceanogr. (2010), doi:10.1016/j.pocean.2009.11.001
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gradients and between margins than along the latitudinal gradi-
ents. However, contrary to chloroplastic pigments, concentration
of organic matter (OM) and sediment water content (H,O) were
more variable between margins and water depths rather than at
the smallest scales. These findings suggest that while chloroplastic
pigments are probably reflecting local processes, OM and H,O are
reflecting broad oceanographic processes. Small-scale processes
causing different sedimentary characteristics in the Arctic deep
seas are probably related to the patchy input of phytodetritus (Rice
et al. 1994), seafloor microtopography as well as benthic biogenic
structures (Jumars, 1976; Snelgrove and Smith, 2002). At the large
scale, however, contrasting oceanographic currents between both
margins (SWC and EGC, Fig. 1), presence of marginal ice zones
and associated surface primary production (Schewe and Soltwedel,
2003; Fonseca and Soltwedel, 2007), and distance from the land
(Soltwedel et al., 2005) should be the causes. The question now
is which of these spatial scales and associated environmental con-
ditions is more important in structuring deep-sea nematode
assemblages.

By considering both ANOVA models together (Models D and L),
we are able to draft a rough outline of importance for the effect
terms structuring nematode abundance, diversity and generic
composition. For abundance and generic composition, the analyses
showed that variability between margins and between cores were
the most important factors followed by water depth, vertical distri-
bution in the sediment and latitude. For ES(50), the order is slightly
different with variability between cores being the most important,
followed by water depth, vertical distribution in the sediment,
margin and latitude. For all these parameters, the small horizontal
scale between cores was one of the most important scales of vari-
ability. As mentioned above, ANOVA results showed that chloro-
plastic pigments also varied more at the smallest scales
suggesting it could be responsible for the small-scale variability
of the fauna. Nevertheless, correlation analysis between the
parameters of the fauna and chloroplastic pigments were not con-
sistent among stations suggesting that other unmeasured environ-
mental factors are responsible. Actually, small-scale patterns of
deep-sea meiofauna are still poorly understood (Snelgrove and
Smith, 2002). It is believed that like macrofauna organisms, meio-
fauna species are patchily distributed with patch sizes ranging
around few centimetres to meters (Gallucci et al., 2009). However
the processes shaping patchiness in deep-sea nematodes are highly
speculative. According to the spatial-temporal mosaic theory
(Grassle, 1989), such high small-scale variability is a result of dif-
ferent stages of succession and recolonization from discrete distur-
bance operating at both spatial and temporal scales. If Grassle’s
conclusion proves to be true for nematodes, then information on
the natural history of species is essential to integrate studies across
space and time scales. Reproductive rates, life cycles, scales of
movement, dispersal abilities, behaviour and resource require-
ments for different life-stages all play important roles in how spe-
cies respond to environmental heterogeneities at different scales
(Thrush et al., 1997). Recent studies showed that basic information
on body size, mobility and feeding mode can also be used to ex-
plain small-scale spatial arrangements of deep-sea nematodes
(Gallucci et al., 2008, 2009).

Among the five spatial scales investigated, latitude was the least
important scale in structuring all parameters of the fauna (abun-
dance, species and genera diversity and composition). One might
argue that the latitudinal range sampled in this study was rela-
tively small (seven degrees between latitudes 72 and 79°N) and
did not encompass enough variability. Nevertheless, previous stud-
ies covering larger latitudinal gradients also noticed that changes
in deep-sea nematode assemblages along bathymetrical gradients
prevailed over latitudinal gradients (Rex et al., 2001 and references
therein). Moreover, both bathymetrical transects studied here

were also limited in depth (656-3350 m) and certainly more vari-
ability would be added when extending the bathymetry from
intertidal areas to abyssal plains. Probably, even over larger scales,
changes in nematode assemblages along latitudes will be less pro-
nounced than changes along bathymetrical gradients. It is impor-
tant to remark that latitude and depth are not the causes of
macroecological patterns; they are merely geographic gradients
that define environmental patterns (Hawkins and Diniz-Filho,
2004). The results of the ANOVA also showed that all the environ-
mental variables were less variable between latitudes than at any
other scale. Moreover the correlations between the environmental
variables and the fauna at the latitudinal scale were not consistent
between both margins. At the western margin, nematode abun-
dance and diversity were more positively correlated with intersti-
tial space (H,0), while at the eastern margin they were with
chloroplastic pigments. This difference might be related to the con-
trasting oceanographic conditions and extent of sea-ice between
both margins (Fonseca and Soltwedel, 2009).

In contrast to latitude, depth related patterns along both margin
were rather consistent. Nematodes were stronger correlated with
CPE than any other variable along both margins. In the deep sea,
environmental changes along water depths, in comparison to ele-
vation gradients in terrestrial systems, generate strong changes
in short distances (Rex et al., 2005), while latitudinal trends are
more smooth and easily interrupted by regional processes which
are not covarying with latitude. Bathymetry was also more impor-
tant than sediment layers in structuring deep-sea nematode spe-
cies diversity, abundance and composition in the Arctic deep seas
but not in structuring genera diversity. For nematode genera, ver-
tical distribution in the sediment was the most important source of
variability as previously observed in the North Atlantic (Soetaert
et al., 1997; Vanaverbeke et al., 1997). This discordance between
taxonomic levels is probably related to the fact that nematode gen-
era are widespread at different water depths, while species are
more restricted in their distribution.

The importance of sediment interstitial space, organic matter
and phytodetritus in structuring deep-sea benthic communities
has been extensively discussed (Heip et al., 1985; Levin et al.,
2001; Snelgrove and Smith, 2002). The positive relationship be-
tween benthic communities and OM and CPE is probably a direct
result of more food availability (Vincx et al, 1994; Vanreusel
et al, 1995). Yet the relationship between fauna and sediment
water content, an indirect measure of interstitial space, could be
a direct cause of more physical space available for nematodes from
different species to coexist (Heip et al., 1985), or indirect causes
such as higher oxygen availability at deeper layers and higher rate
of organic carbon burial within the sediment (Levin et al., 2001).
Independently of the causes, the most interesting aspect of the
present analysis is that the relationships between these variables
and the fauna changed according to sample resolution. This means
that deep-sea nematodes do not respond evenly to changes in OM
or any other environmental variable that we analysed for across
different spatial gradients or even between cores along the same
gradient. A general trend observed was that stations where the
average concentration of phytodetritus and organic matter was
low (e.g. stations deeper than 3000 m along the NS margin), these
two variables were positively correlated with the fauna factors. On
the other hand, when food resources were abundant (e.g. shal-
lower stations in the NS margin), sediment water content was
highly correlated with the fauna indicating that once food is not
limiting other variables from becoming the structuring factor
(Gray, 2002). In practice, it suggests that, at least for the deep-
sea environment, we cannot predict the structure of nematode
assemblages by scaling up or down results obtained from one or
another scale. It also implies that broad scale relationships emerge
from additive or interactive responses to processes operating

deep seas. Prog. Oceanogr. (2010), doi:10.1016/j.pocean.2009.11.001

Please cite this article in press as: Fonseca, G., et al. Variation in nematode assemblages over multiple spatial scales and environmental conditions in Arctic



http://dx.doi.org/10.1016/j.pocean.2009.11.001

10 G. Fonseca et al./Progress in Oceanography xxx (2010) xxX—Xxxx

across scales rather than local responses to a certain environment
factor being dominant and limiting species distribution (Thrush
et al.,, 2005). Like for other taxa and biotopes, nematodes may re-
spond to ecological processes operating simultaneously over a
variety of scale, thus different factors may be limiting at different
scales (Wiens, 1989; Chapman and Underwood, 2008). As a result,
there is no single right scale of sampling to determine species—
environment relationships. Therefore, testing for the scale-depen-
dence of relationships becomes essential (Thrush et al., 2005).

The only consistent relationship observed over a variety of spa-
tial scales at the Arctic deep-seas was that between nematode
abundance, species richness and generic composition. Independent
of the scale considered here, any two samples with higher abun-
dances shared more genera in common than samples with lower
abundances. Data based on species level achieved similar conclu-
sions (Fonseca and Soltwedel, 2009). These results raise an attrac-
tive hypothesis for predicting biodiversity patterns in deep-sea
benthic ecosystems. The hypothesis is that both local richness
and turnover of nematode species (or genera) in the deep-sea are
closely associated with number of individuals. When population
sizes are small, local extinctions are more prompt to occur increas-
ing regional rareness and turnover of species. However, when pop-
ulation sizes are large enough to maintain its reproductive levels,
species become more widespread reducing the turnover at the lar-
ger scales. Based on this hypothesis, we may also expect that
widely distributed deep-sea species tend to occur at higher densi-
ties at the local scale, while restricted species appear at lower den-
sities at the local scale. Such positive relationship between
occurrence and local abundance has already been observed for
deep-sea nematodes (Gallucci et al., 2009) and macrofauna (Gray
et al,, 2005). Moreover, it seems to govern biodiversity patterns
in terrestrial systems (Hubbel, 2001). Yet if this hypothesis is valid
across different deep-sea oceans is matter of further research.

When evaluating the results of our analyses, it is important to
remember that some caveats apply. Questioning complex multi-
ple-scale interaction effects between the fauna and the environ-
ment requires proper sampling designs, preferably orthogonal
designs where all effect terms are analysed simultaneously. The
lack of samples taken in the Arctic deep seas did not allow us to
compare variances along water depths and latitudes in one model,
nor to integrate spatial variability in the order of centimetres, me-
ters to hundreds of meters at the horizontal scale. Another restric-
tion of the present study is the lack of additional environmental
variables in the analyses, such as grain size and oxygen availability,
which would help the interpretation of the data. These reflect the
practical limitations of sampling effort present in marine benthic
studies, particularly in deep-sea studies. Large-scale studies in
the marine realm will always face an important trade-off between
extent and resolution, which means that increasing extent, is gen-
erally associated with a decrease in resolution (Hewitt, 1998).
Hopefully, in the near future, we solve these problems by merging
larger data sets or by performing multiple-scale nested sampling
designs as already done in shallower marine systems (e.g. Thrush
et al.,, 1997, 2005; Hewitt, 1998; Kendall et al., 2003). Although
multiple-scale sampling design might be difficult to achieve in
the deep seafloor, it has to become priority in future studies.
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