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The Mediterranean Sea hosts hundreds of offshore gas platforms, whose activity re
threat to marine ecosystems. Evidence from several studies indicates that nema
sensitive to changes in the environmental quality. Here, we investigated the respo
semblages to the presence of offshore gas platforms (located in the central Mediterr
of spatial heterogeneity, structural and functional diversity. Since the effect of the i
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platforms on macrofaunal assemblages were previously assessed by Terlizzi et al. (2008), the study
provided also the opportunity to compare the response of different benthic compartments to the same
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1. Introduction

Understanding the ecological conseque
tivities on marine environments is still a m
ogists. Available information suggests th

tional
impact related to fossil fuel extraction on marine environments. The platforms had a significant impact
on nematode assemblages up to 1000 m distance from the structure. The effects were evident in term of:
a) more homogeneous spatial distribution of nematode assemblages, b) increased trophic diversity of
deposit feeders and c) changes in life strategies with an increase of opportunistic species in sediments
closer to the platforms. Such effects seemed to be related to the dimension of the platform structures,
rather than to chemical pollution or changes in food availability. These findings suggest that the plat-
forms exert a physical alteration of the surrounding environment that is reflected by altered structural
and functional traits of nematode biodiversity. The use of nematodes for monitoring the effects of the
platforms only partially matched with the results obtained using macrofauna, providing further insights
on potential outcomes on the functional response of marine assemblages to fossil fuel extraction.

nces of the human ac-
ajor challenge for ecol-
at there are no single

2008/56/EC; EC, 2000; EU, 2008). The EU is specifically asking with
the MSFD to move beyond the use of physical and chemical de-
scriptors that were previously used to evaluate the Good Environ-
mental Status (GES). Biotic components are more sensitive than
physical-chemical variables in detecting changes driven by
traits able to detect all anthropogenic activities (Borja et al., 2003) and have thus a major
variables, biotic components or func

kinds of environmental alteration (Claudet and Fraschetti, 2010;
Simboura and Zenetos, 2002; Terlizzi et al., 2005). Recently the

potential in the impact assessment and monitoring programmes.
Focussing directly on the structure and the functioning of biodi-
relevance of the biological component for the evaluation of the
good environmental status of marine ecosystems has been recog-
nised in the current policy of the European Union on the protection
and management of coastal marine areas (Water Framework
Directive, 2000/60/EC; Marine Strategy Framework Directive,
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versity is presently considered a profitable strategy to assess the
effects of human pressures.

However, the use of biological descriptors requires the devel-
opment of sensitive and accurate ecological indices able to assess
the environmental quality of marine ecosystems (e.g., Borja et al.,
2003; Simboura and Zenetos, 2002). The main problem encoun-
tered so far is that most of classical indices are strongly affected by
sample size, natural environmental variability and often lack of
consistency in responses to anthropogenic disturbances
(Bevilacqua et al., 2012a; Green and Chapman, 2011). The use of
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biotic assemblages has a greater possibility to show a wider
sensitivity to environmental changes than a single indicator species
(Terlizzi et al., 2005) or univariate index (Green and Chapman,
2011). Moreover, in order to enhance the understanding of
ecosystem functioning and its relative status, the use of the bio-

response of nematode assemblages to the presence of different
typologies of gas platforms in the central Mediterranean Sea, to
identify the most sensitive indicators enabling the development of
ad hoc descriptors of this kind of impacts. Since the effects of the
same offshore platforms were investigated synoptically for mac-
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logical traits of species can be critical (Hooper et al., 2005). Finally,
all investigated descriptors have to identify the standardised
reference conditions and multiple control locations (Claudet and
Fraschetti, 2010) in order to provide reliable results. The use of
univariate and multivariate approaches based on entire assem-
blages investigated at highest taxonomic resolution coupled with
information on the functional diversity within the framework of
well-designed experiments is, at present, probably, the most
advanced framework to assess the impact of human activities.

Nematodes are the most abundant multicellular organisms on
Earth, accounting for about 2/3 of all metazoa (Higgins and Thiel,
1988). They are ubiquitous, highly diverse and able to colonize all
marine ecosystems, from the shores including vegetated and non-
vegetated habitats down to the hadal trenches, from the tropics
to the poles and from pristine to extremely contaminated habitats
(Bianchelli et al., 2010; Danovaro et al., 2008a, b; Lambshead, 2004;
Fraschetti et al., 2006; Gambi et al., 2014; Wilson and Kakouli-
Duarte, 2009). The use of nematodes as a proxy for environ-
mental health is already established for a variety of terrestrial and
marine habitats (Danovaro et al., 2004; Mirto et al., 2002; Pusceddu
et al., 2007) and are widely used to detect the effect of different
typologies of impacts in the marine environments (Ahnert and
Schriever, 2001; Danovaro et al., 1995; Fraschetti et al., 2006;
Gambi et al., 2009; Goodsell et al., 2009; La Rosa et al., 2001;
Mirto et al., 2002; Moreno et al., 2011; Schratzberger et al., 2000;
Vincx and Heip, 1987). Their morphological features, and particu-
larly the analysis of their functional traits, such as buccal apparatus,
the characteristics of the tail, tegument and reproductive system,
allow gathering important insights on their functional diversity
(Danovaro et al., 2008a; Soetaert and Heip, 1995). The almost
transparent nature of the nematode body, which permits the
observation of the internal structures (e.g. mouth, gonads), and
experimental evidence allow identifying also their life strategies
(Bongers and Bongers, 1998; Ferris and Bongers, 2006). Moreover,
recent findings demonstrated that their biodiversity is closely
relatedwith key ecosystem functions: a higher nematodes diversity
supports higher rates of ecosystem processes and an increased ef-
ficiency with which these processes are performed.

The consequence is that any biodiversity loss can be associated
with the important reductions of ecosystem services (Danovaro
et al., 2008a).

Offshore gas platforms represent an increasing threat for the
quality of marine systems (e.g., Grant and Briggs, 2002; Kark et al.,
2015; Schroeder and Love, 2004) related with the alterations of the
surrounding seafloor due to the release of materials and contami-
nants and to the physical impact on the system (e.g., on habitat
topography, grain size, sedimentation rates and hydrodynamism;
Barros et al., 2001; Kennicutt et al., 1996; Olsgard and Gray, 1995).

So far, the effect of offshore platforms has been reported to
determine a change in species richness and biodiversity of mac-
rofaunal assemblages (e.g., Fiorentino et al., 2012; Manoukian et al.,
2010; Olsgard and Gray, 1995; Terlizzi et al., 2008), but with
different responses for each platform, according to the platform
characteristics, dimensions and local biogeographic/climatic factors
(Ellis et al., 1996; Wilson-Ormond et al., 2000).

Quantitative information on meiofaunal assemblages is still
extremely limited, especially at temperate latitudes (Montagna and
Harper, 1996; Netto et al., 2009; Peterson et al., 1996). Here, we
investigated the structural (species composition and their relative
abundance) and functional (trophic diversity and maturity index)
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rofaunal assemblages (Terlizzi et al., 2008), this study also provided
the opportunity to compare the response of different benthic
compartments in detecting the impact due to fossil fuel extraction
on marine environments. The aims of the present work can be
summarised as follows: a) providing a better understanding of the
ecological impacts of offshore platforms; b) providing indications of
the suitability of meiofauna in monitoring studies; c) providing
evidence of similarities and/or differences using meiofauna and
macrofauna in assessing ecological impacts.

2. Materials and methods

2.1. Study area and experimental design

The investigated platforms are located in the North Ionian Sea
(39�050N, 17�090E, Fig. 1). Four offshore platforms were installed in
this area for gas drilling since the beginning of 1980s.

Two out of four of the selected platforms (hereafter LA and LB)
had a eight-legs structure and were located about 7 km off the
coast, on mud flats at about 90 m depth. Two additional platforms
(hereafter HL and HL14) had a smaller structure being HL a
monopod while HL14 is a four-legs platform closer to the coastline
(about 2 km) on a sandy-detritic bottom at approximately 30 m
depth. Sampling activities were carried out in July 2005, following
the same design of Terlizzi et al. (2008).

For each of the four platforms, four sampling sites (100 sm apart
one from each other) were randomly selected at increasing distance
from the platform: i.e., 300, 1000 and 3000 m (Fig. 1). At each site,
three sediment samples were collected by independent deploy-
ment of Van Veen grab (0.1 m2). One subsample was taken from
each grab using Plexiglas corer, (3.6 cm-inner diameter, down to
5 cm depth into the sediment). All samples were preserved in a
buffered 4% formalin solution and stained with Rose Bengal
(0.5 g l�1) until extraction in the laboratory.

2.2. Structural and functional diversity of nematode assemblages

Sediment samples were sieved through a 1000 mm mesh to
extract meiofauna, and a 32 mm mesh was used to retain the
smallest organisms (Danovaro, 2010). The fraction remaining on
the 32 mm-mesh sieve was re-suspended with Ludox HS40 (density
arranged to 1.18 g cm�3) and centrifuged three times. For the
analysis of nematode diversity, at least 100 specimens were
randomly picked from each of the three independent replicates at
each sampling site (for a total of >300 nematodes identified per
site). Nematodes were mounted on slides (following the formalin-
ethanol-glycerol technique to prevent dehydration). They were
identified to species level or morphotypes (indicated as sp1, sp2,
sp3, etc., due to the presence of several unknown species) accord-
ing to Platt and Warwick (1983, 1988), Warwick et al. (1998) and
the recent literature dealing with new nematode genera and spe-
cies (NeMys database, Vanaverbeke et al., 2015).

To provide an indication on the functional diversity of nematode
assemblages, the index of trophic diversity ITD (Ferris and Bongers,
2009; Heip et al., 1985) was calculated. Nematodes were classified
by feeding groups, according toWieser (1953), in selective (1A) and
non-selective (1B) deposit feeders, epigrowth (diatoms) feeders
(2A) and predators/omnivores (2B). The ITD was calculated as Sq2,
where q is the percentage contribution of each feeding type. For the
purposes of this study, we used 1-ITD values ranging from 0 (lowest



trophic diversity; i.e., one trophic guild accounts for 100% of nem-
atode density) to 0.75 (highest trophic diversity; i.e., the four tro-
phic guilds account for 25% each).

The effects of offshore platforms on nematode life-history traits
were also investigated (Bongers, 1990). Each nematode was clas-

were done if appropriate using the PERMANOVA t-test and 999
random permutations.

For each platform multivariate patterns of variation among
distances were visualised by using non-metric multidimensional
scaling (nMDS) of sites centroids. The SIMPER analysis (Clarke,

Fig. 1. Study area and position of the four investigated platforms. On the right side, an example of sampling site positioning around platforms (modified after Terlizzi et al., 2008).
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sified into one of the five c-p (colonizer-persister) classes for the
calculation of Maturity Index (MI; Bongers, 1990; Bongers et al.,
1991). The colonizer-persister scale is composed of five classes:
1e5; the colonizers, characterised by a high reproduction receive a
low value, the persisters, which reproduce slowly, are allocated to
c-p ¼ 5. The MI was calculated as the weighted average of the in-
dividual colonizer-persistent values: MI¼ S n (i) G (i), where n is the
c-p value (colonisers-persisters) of genus i as given in the Appendix
of Bongers et al. (1991) and G (i) is the frequency of that genus. The
contribution of nematode groups based either on life-history traits
and on feeding types to the total nematode assemblage was also
calculated.

2.3. Statistical analyses

The number of species (SR), Pielou's evenness (J), trophic di-
versity (1-ITD) and thematurity index (MI) were calculated for each
sample. All metrics referred to the same sample size (i.e. 50.8 cm3).
A distance based permutational ANOVA (Anderson, 2001;
Anderson et al., 2008) was carried out to test, in a univariate
context, the effect of platforms, depth and distance on all the
investigated variables. Analyses were based on Euclidean distance
and each term in the analysis was tested using 4999 permutations.
This procedure is distribution-free (Anderson, 2001), and robust to
variance heterogeneity when experimental designs are balanced
(Anderson and Walsh, 2013), as in our case. Significant terms
relevant to hypotheses were investigated through post hoc pair-
wise comparisons using a t-test and 999 permutations (Anderson,
2001).

The experimental design included 4 factors: Depth (De), 2 levels,
fixed; Distance (Di), 3 levels, fixed and orthogonal; Platform (P), 2
level, random and nested in De (since there were two platforms
lying on soft bottoms at 30 m depth and another two at 90 m
depth); Site (Si), 4 levels, random and nested in Di � P(De) inter-
action (since there were four sites at each distance from each
platform), with n ¼ 3 replicates for each combination of factors.

Distance-based permutational multivariate analysis of variance
(PERMANOVA; Anderson, 2001) was used to test for differences
amongst nematode assemblages at increasing distance from plat-
forms. The analysis was based on BrayeCurtis dissimilarities and
was performed on untransformed data (144 samples� 292 species)
using 4999 random permutations. Post hoc pair-wise comparisons
1993) was conducted to quantify the percentage contribution of
each variable (untransformed data) to the BrayeCurtis dissimilar-
ities among distances for each platform, allowing identifying spe-
cies most contributing to patterns of assemblages' variation among
distances. Only variables whose contribution exceeded an arbi-
trarily chosen threshold value of dissimilarity >2% were selected.

Finally, to investigate the effects of platforms on spatial het-
erogeneity of nematode distribution at different spatial scales
(amongst replicates and among sites), permutational analysis of
multivariate dispersion (PERMDISP, Anderson et al., 2006) was
carried out for the factor Di. The analysis was conducted separately
for each of the four platforms on the basis of BrayeCurtis dissimi-
larities (untransformed data) and each term was tested using 999
random permutations. Pair-wise comparisons were made to anal-
yse patterns of variation of replicate and site heterogeneity among
distances. All analyses were performed using the computer pro-
gram PRIMER v6, including the add-on package PERMANOVAþ
(Anderson et al., 2008).

3. Results

Overall more than 10,000 individuals were analysed and iden-
tified, belonging to 30 families and 114 genera for a total of 291
species identified (see Appendix 1 in Supplementary material). The
total number of species identified in HL 14 was 162, 147 species in
HL, 141 species in LA and 185 species in LB, respectively. All gas
platforms displayed the presence of exclusive species: 29 species
(most abundant: Halichoanolaimus sp3) in LB, 20 species (most
abundant: Pierrickia sp1) in LA, 23 species (most abundant: Cya-
tholaimus sp1) in HL 14 and 18 species (most abundant: Sabatieria
sp3) in HL respectively, while 59 nematode species were common
among all gas platforms.

PERMANOVA carried out on the whole dataset showed signifi-
cant differences in assemblage structures among platforms and
depths [P(De) and De]. Apparently, no effect of distance from
platforms were detected for nematode assemblages, although the
Di � P(De) interaction showed a P-value at the limit of significance
(Table 1). PERMANOVAs carried out separately for each depth
revealed the lack of significant differences of nematode assem-
blages at shallow depth among distances for platforms HL and HL14
(Table 1). Conversely, at 90 m depth, the multivariate analysis
showed that platforms LA and LB were characterised by significant



differences in terms of the structure of nematode assemblages at
different distances from the platform. More specifically, pair-wise
tests revealed that, for platform LA, nematode assemblages at
3000mdistance from the platform significantly differed from those
at 300 m and 1000 m, which, in turn, did not differ between

platforms was observed on macrofauna (Terlizzi et al., 2008).
Multivariate patterns of differences among distances were

clearly illustrated in the nMDS ordinations of site centroids (Fig. 2).
For HL 14 (Fig. 2a) and HL (Fig. 2b), ordination plots showed a
distribution of centroids independent from the distance from the

Table 1
PERMANOVA analysing differences among assemblages at increasing distance from
platforms based on BrayeCurtis dissimilarities of untransformed data (144
samples � 292 taxa). Each test was performed using 4999 permutations of appro-
priate units. P-values given in italics were obtained using 4999 Monte Carlo samples
from the asymptotic permutation distribution. Significant results are given in
bold.The term used for the denominatormean square in each case is given in column
MSDEN. Results of pair-wise tests for the significant term Di � P(De) were reported
down in the table after PERMANOVAs conducted separately for each depth (see the
text for further details).

Source of variability d.f. MS F P MSDEN

Depth ¼ De 1 95863 12.11 0.0002 P(De)
Distance ¼ Di 2 6890.1 1.5032 0.2444 Di � P(De)
Platforms ¼ P(De) 2 7915.3 2.6396 0.0098 Si(Di � P(De))
De � Di 2 5594.3 1.2204 0.3282 Di � P(De)
Di � P(De) 4 4583.9 1.5286 0.0508 Si(Di � P(De))
Site ¼ Si(Di � P(De)) 36 2998.7 2.1048 0.0002 Res
Residual ¼ Res 96 1424.7

Source of variability d.f. Depth ¼ 30 m Depth ¼ 90 m MSDEN

MS F P MS F P

Platforms ¼ P 1 6315 1.82 0.061 9515 3.74 0.000 Si(Di � P)
Distance ¼ Di 2 5172 1.50 0.149 7313 1.28 0.253 Di � P
Di � P 2 3442 0.99 0.451 5726 2.25 0.002 Si(Di � P)
Site ¼ Si(Di � P) 18 3454 2.39 0.000 2543 1.18 0.000 Res
Residual ¼ Res 48 1446 1374

Pair-wise tests for term Di � P at 90 m depth.
LA 300 m ¼ 1000 m s 3000 m LB 300 m s 1000 m s 3000 m.
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themselves. For LB, nematode assemblages significantly differed
among all distances. PERMANOVA also revealed a significant vari-
ability at the scale of site and platforms (Table 1). The same pattern
of differences in assemblages at increasing distance from the
Fig. 2. Non-metric multidimensional scaling ordinations (nMDS) on the basis of the BrayeCu
(b) HL14, (c) LA and (d) LB. Black circles ¼ 300 m; grey circles ¼ 1000 m; white circles ¼ 3
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platforms. In contrast, sampling sites at 3000 m distance from the
platforms were generally separated from those closer to the plat-
form (i.e., at 300 and 1000-m distance) for LA (Fig. 2c), whereas for
LB centroids for all distances were separated (Fig. 2d).

SIMPER analysis revealed that 20 and 15 species out of 292 were
important in determining these differences among distances in LA
and LB, respectively (Table 2). Among these species, Dorylaimopsis
sp1, Hopperia sp1, Metalinhomoeus sp3, Paramonhystera sp4, Saba-
tieria sp1, Sabatieria sp5, Sabatieria sp8, Setosabatieria sp1were able
to discriminate the assemblages at different distances from the
platform. However, only Sabatieria sp5 and Setosabatieria sp1
showed a consistent pattern, with the abundances of Sabatieria sp5
increasing at increasing distance from the platforms, while those of
Setosabatieria sp1 decreased (Table 2).

Results of PERMDISP showed significant differences in multi-
variate dispersion of replicates and sites among distances for all
platforms except for LA (Fig. 3). This suggests an effect of platforms
in modifying assemblage heterogeneity at both the investigated
spatial scales. In general, pair-wise comparisons showed significant
differences in the variability among sites between 3000 m and the
other two distances that, in turn, did not differ. This was also
evident in nMDS plots, which showed for all platforms except LA, a
generally higher scattering of sites' centroids at 3000 m than at
1000m and 300m (Fig. 2). Moreover, a clear trend of increase in the
multivariate dispersion with increasing distance from platforms
can be observed in HL and HL14 (Fig. 3). Such patterns were com-
parable to those observed in the study by Terlizzi et al. (2008) on
macrofauna, but limited to the scale of sites.

Results of ANOVA revealed significant differences in nematode
species richness (SR), evenness (J), functional diversity (1-ITD) and
rtis dissimilarity measure of sites' centroids for each of the three distances from (a) HL,
000 m.



life strategy (MI) among distances. However, such differences were
not consistent among platforms as shown by the significant inter-
action Di � P(De) (Table 3). Results of ANOVA also showed a high
variability at the scale of sites for all the investigated variables
(Table 3). In particular, pair-wise comparisons revealed no signifi-

respectively, at increasing distance from the platform HL14 (Fig 4).
For platforms at 90 m depth, significant differences among dis-
tances for all variables, except J, were observed in LB, although not
compatiblewith a gradient effect. For platform LA, analyses showed
clear spatial patterns with increasing distance from the platform for

mental alterations and have been used to investigate the impact of

Table 2
Summary of SIMPER analysis for platforms LA and LB. For each species are given the average abundance (Avg. ab.) at each of the three distances (N ¼ 300 m, M ¼ 1000 m,
F¼ 3000m) from the platform and its contribution (Contr.%) to differences between pair of distances. The average dissimilarity between each pair of distances was reported in
parentheses. Only species whose contribution was at least in one case �2% are reported.

LA N M F N vs M N vs F M vs F

300 m 1000 m 3000 m (57.93) (59.90) (56.44)

Species Avg. ab. Avg. ab. Avg. ab. Contr.% Contr.% Contr.%

Dorylaimopsis sp1 17.25 13.58 12.33 12.19 13.23 11.00
Setosabatiera sp1 7.67 6.67 6.50 8.63 8.94 7.35
Sabatiera sp5 1.50 5.75 7.75 6.77 9.29 9.49
Hopperia sp1 0.83 4.83 2.67 6.63 3.59 6.96
Paramonhystera sp4 4.33 3.75 1.08 5.08 5.58 4.96
Sabatiera sp8 2.75 1.83 7.50 4.19 8.41 9.97
Sabatiera sp1 0.92 1.92 1.50 2.84 1.81 3.31
Sphaerolaimus sp1 1.58 0.58 0.92 2.24 2.48 1.67
Metalinhomoeus sp3 0.08 1.50 0.58 2.20 0.85 2.21
Parasphaerolaimus sp1 1.00 0.92 0.75 2.17 2.00 1.88
Dolicholaimus sp 0.83 0.08 1.08 1.31 2.77 1.94
Vasostoma sp2 0.25 0.33 1.83 0.68 2.45 2.64

LB N M F N vs M N vs F M vs F

300 m 1000 m 3000 m (68.64) (74.56) (65.45)

Species Avg. ab. Avg. ab. Avg. ab. Contr.% Contr.% Contr.%

Dorylaimopsis sp1 8.42 15.92 7.83 13.17 7.30 14.38
Setosabatiera sp1 9.58 5.25 2.33 8.60 8.94 5.55
Hopperia sp1 0.67 6.08 7.83 7.30 8.56 6.04
Sabatiera sp8 0.25 4.67 1.25 6.02 1.49 5.51
Marylinnia sp3 2.83 0.83 0.42 3.45 3.01 1.23
Sabatiera sp1 1.17 2.33 2.42 2.73 2.61 3.27
Rhabdodemania sp1 2.17 0.00 0.42 2.73 2.23 0.53
Metalinhomoeus sp3 0.00 1.92 0.33 2.68 0.40 2.44
Odontophora sp1 2.00 0.00 0.17 2.48 2.22 0.23
Sabatiera sp5 1.83 2.08 4.75 2.46 4.47 4.81
Cervonema sp1 1.92 0.42 1.58 2.45 2.56 2.35
Setosabatiera sp2 1.83 0.75 0.08 2.45 2.04 1.02
Actinonema sp1 1.92 0.08 0.50 2.43 2.15 0.67
Paramonhystera sp4 0.25 1.33 1.00 1.74 1.23 2.17
Sabatiera sp4 0.00 0.17 1.75 0.25 2.13 2.34

Fig. 3. Summary of PERMDISP analyses investigating differences in multivariate
dispersion (i.e. average distance to centroids and standard errors) of replicates (group
size ¼ 12) and sites (group size ¼ 4) at the three distances from platforms. Details on
the outcomes of the analyses (i.e. F-ratio given for deviation from centroids for each
platform, and pair-wise comparisons [t-test] among distances) are also reported.
ns ¼ not significant; * ¼ P < 0.05; ** ¼ P < 0.01; *** ¼ P < 0.01.
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cant differences among distances for all investigated variables in
HL, while J and MI significantly increased and decreased
SR (decreasing) and 1-ITD (increasing) (Fig. 4).
The functional traits of biodiversity were investigated in terms

of trophic composition of nematode assemblages and life strategies
(i.e., the relative importance of colonisers vs persisters) at
increasing distance from each platform (Fig. 5a and b). None of the
trophic groups showed a clear spatial pattern with increasing dis-
tance from the platforms. Epigrowth feeders (2A) were the domi-
nant feeding group, representing up to 60% of all individuals in both
platforms HL14 and HL (Fig. 5a). In platforms LA and LB both se-
lective and no-selective deposit feeders were the most abundant
feeding types, followed by epi-growth feeders. The contribution of
predators was low at all sites and in all platforms.

Nematode life-history traits displayed a clear spatial pattern
among distances (Fig 5b). The relative contribution of colonizers (c-
p: 2) to nematode assemblages generally decreased with increasing
distance from platform in HL14, HL and LA. The contribution of
these nematode colonizers (c-p: 2) was higher in platforms at 90 m
(LA and LB) than in those at 30 m (HL and HL14).

4. Discussion

Marine nematodes have a huge potential in detecting environ-



aquaculture, sewage discharge, organic enrichment and chemical
contamination (Danovaro et al., 2004; Losi et al., 2013; Mirto et al.,
2002; Pusceddu et al., 2007). Our results indicate that offshore gas
platforms significantly altered the structure, spatial heterogeneity,
functional diversity and life-history traits of nematode assem-

the heterogeneity (in terms of multivariate dispersion) of nema-
tode assemblages generally decreased moving closer to the plat-
forms, independently from platforms' depths. Such patterns,
consistent with those observed at the smallest spatial scale (i.e.,
among replicates), suggest an effect of the structures in reducing

Table 3
Summary of ANOVAs investigating differences among assemblages at increasing distance from platforms in the mean number of species (SR), Pielou evenness (J), Trophic
diversity index (1-ITD) and Maturity index (MI). ns ¼ not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Source of variability d.f. SR J 1-ITD MI

MS F MS F MS F MS F

Depth ¼ De 1 21.01 0.106ns 0.036 2.246ns 0.002 0.047ns 5.72 31.782ns
Distance ¼ Di 2 45.65 0.305ns 0.006 0.479ns 0.022 1.015ns 0.24 2.851ns
Platform ¼ P(De) 2 197.87 6.952** 0.016 3.300* 0.046 6.423** 0.18 6.689**
De � Di 2 25.05 0.167ns 0.001 0.102ns 0.015 0.723ns 0.13 1.565ns
Di � P(De) 4 149.56 5.255** 0.012 2.521* 0.021 2.963* 0.08 3.105*
Site ¼ Si(Di � P(De)) 36 28.46 1.594* 0.005 2.039** 0.007 2.356*** 0.03 2.501***
Residual 96 17.85 0.002 0.003 0.01
Total 143

Fig. 4. Mean values (±SE, n ¼ 12) of species richness (SR), evenness (Pielou's index e J), trophic diversity (calculated through 1 e ITD) and life-history diversity (calculated as
Maturity Index e MI) across distances for each platform. Letters above columns illustrate the outcome of t tests; different letters indicate significant differences at P < 0.05. Black
bars ¼ 300 m; grey bars ¼ 1000 m; white bars ¼ 3000 m.
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blages. The impact of the platforms changed depending on depth,
platform features and location, and decreased at increasing dis-
tances from the platforms. These effects were particularly evident
from the multivariate analysis of the structure of nematode as-
semblages for the platforms located at 90 m, where significant
differences amongst all distances from the platformwere observed.
For all platforms investigated, such differences appeared evident
within a distance of 1000 m from the structure indicating a direct
association between alteration of the assemblages and presence of
the platforms. Patterns of change in the multivariate structure of
nematode assemblages at increasing distance from the offshore
structures largely overlapped those found conisdering macrofauna
(Terlizzi et al., 2008), indicating a generalized effect of platforms on
the whole benthic systems, affecting both macro- and meiofauna.

The effect of homogenization of the spatial distribution of
benthic assemblages has been already reported for different kinds
of disturbance (Balata et al., 2007; Bevilacqua et al., 2012b;
Guarnieri et al., 2012; Warwick and Clarke, 1993). Accordingly,

6

both small-scale patchiness and among-sites spatial variability.
Data providing evidence of a “biotic homogenization” of the as-
semblages closer to the investigated platforms have been already
reported from the analysis of macrofauna (Terlizzi et al., 2008): our
findings thus reinforce the idea that a decrease of the spatial het-
erogeneity of benthic assemblages is a general response of marine
biota to anthropogenic impacts (Warwick and Clarke, 1993; Balata
et al., 2007; Bevilacqua et al., 2012b; Guarnieri et al., 2012). Such
findings are counterintuitive, as the deployment of a new structure
on soft bottoms is expected to increase habitat heterogeneity with a
potential positive effect on biodiversity at local scale, and indicate
that the deployment of platforms should be considered only as an
additional source of human impacts on offshore benthic habitats.
Halpern et al. (2007) included “benthic structures” among the
major anthropogenic threats at regional and global scale, even
though the score for soft substrate vulnerability to this threat did
not rank particularly high. Data reported here indicate that the
impact of large “benthic structures” cannot be ignored when



assessing the outcomes of multiple sources of impact in marine
ecosystems.

Platform size and the characteristics of the seafloor could
explain why different effects on the structure and functional di-
versity of nematode assemblages were observed when comparing

to exclude an impact related to the chemical contamination of
sediments due to the lack of any significant response to the eco-
toxicological tests (see Terlizzi et al., 2008). Thus, the observed
differences in nematode assemblages in proximity of the platforms
are possibly related to the presence of the physical structures of the

Fig. 5. A) Trophic structure and B) life-history characteristics of nematode assemblages
at the different distances from each platform (see explanation in the text for further
details). 1A (selective deposit feeders); 1B (non selective deposit feeders); 2A (epi-
growth feeders); 2B (predators/omnivores). 2e5 ¼ c-p values (colonizers-persisters
scale). N ¼ 300 m; M ¼ 1000 m; F ¼ 3000 m.
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the platforms at 90 m and at 30 m depth. Platforms at 90 m (eight-
legs structures) occupy a larger seafloor surface and thus were
likely to produce larger amounts of hard substrate, sessile fauna
and falling biofoulers compared to the smaller structures charac-
terizing platforms at 30 m (four legs or monopod structures).
Fouling dislodgment can determine organic nutrient enrichment
and increase substrate heterogeneity in proximity of offshore
structures (e.g., Barros et al., 2001; Stachowitsch et al., 2002), which
in turn may affect nematode distribution patterns (Vanaverbeke
et al., 2011). In our case, soft bottoms around platforms at higher
depth consisted of mud flats, whereas those surrounding platforms
at lower depth were characterized by sandy/detritic substrates
(pers. observ.). Such differences in the nature of substrates between
depths seem to suggest that the effects of the fouling rainfall could
have been more severe on the seafloor around platforms LA and LB,
which likely had higher substrate homogeneity than those around
platforms HL and HL14. In addition, nematodes can show a signif-
icant increase of deposit-feeders as a result of such organic inputs
up to 100e200 m distance from the platform (Montagna and
Harper, 1996; Peterson et al., 1996). However, since in the present
study the effects are evident at 300 and 1000m from the structures
we can exclude that the effect on nematodes was due to the input of
fouling. Previous investigations based on macrofauna also allowed
platforms.
We did not find a consistent pattern of change in trophic

structure of nematode assemblages with increasing distance from
platforms. Only two nematode species, belonging to genera Seto-
sabatieria and Sabatieria, displayed a clear response in both plat-
forms located at 90m. Setosabatieria is a genus typically sensitive to
the presence of hydrocarbons (Danovaro et al., 1995; Heip et al.,
1982) its high presence in sediments close to the platform con-
firms the lack of significant levels of toxicity as a consequence of
platform activities. The genus Sabatieria is generally considered an
indicator of organic enrichment. It is often dominant in hypoxic
sediments (Gambi et al., 2009; Mirto et al., 2002; Schratzberger
et al., 2007; Vincx et al., 1990), but its abundance increased at
increasing distance from platforms, leading to exclude that changes
observed were related to organic enrichment.

Assemblages far from platforms were characterised by lower
trophic diversity and an increase of the importance of opportunistic
species (“colonizers” characterised by a short life-cycle, higher
colonization ability and tolerance to disturbances; Bongers et al.,
1991; Bongers and Ferris, 1999), which accounted for up to 85% of
the nematode species present. These findings are compatible with
hypothesis of physical alteration of the seafloor driven, for instance,
by trawling activities (Liu et al., 2011; Tuck et al., 1998). At the same
time, sediments close to platforms at lower depth showed an in-
crease of persister species (characterised by a long life-cycle, and
low tolerance to disturbances; Bongers et al., 1991; Bongers and
Ferris, 1999).

Our results suggest that the meiofauna is a sensitive descriptor
of the environmental alterations associated to the presence of off
shore platforms. In addition, the comparative analysis between the
results obtained by using meiofauna andmacrofauna (Terlizzi et al.,
2008), indicate that these structures exert a similar impact, even
though limited, on different components of benthic assemblages.
The high taxonomic resolution used in both studies and the analysis
of the functional traits of nematode assemblages provided some
additional interesting insight on the response of the benthic biota,
enabling us to shed light on the causes underlying the observed
patterns. The analyses of nematode feeding traits and life strategies,
for instance, indicate that changes observed for meiofaunal as-
semblages, and particularly for nematodes, are evident in both
structural and functional terms and suggest that meiofaunal func-
tional biodiversity is a valid indicator of human-driven changes in
marine ecosystems (e.g., Moreno et al., 2011; Netto et al., 2009;
Steyaert et al., 2007). Past attempts to combine or compare the
effects of environmental disturbance gradients on meiofauna and
macrofauna showed that the responses of these benthic compart-
ments are not necessarily consistent (e.g., Attrill, 2002; Bick and
Arlt, 2005; Flach et al., 2002; Netto and Gallucci, 2003; Patrício
et al., 2012; Schratzberger et al., 2004; Somerfield et al., 2006)
due to the different life strategies (presence vs absence of mer-
oplanktonic larvae), different feeding habits and modalities of
dispersal which can result in a different sensitivity to environ-
mental changes (Attrill and Depledge, 1997). The response of
meiofauna (nematodes) outlined in the present study suggests that
nematodes have the potential to capture effects that are less
evident from the analysis of the macrofaunal component (Terlizzi
et al., 2008). In addition, the analysis of the cost-effectiveness or
the typology and duration of an impact could further support the
choice of meiofauna as a good alternative to macrofauna for the
routine monitoring of offshore gas platforms.



The occurrence of multiple human threats to marine biodiver-
sity is typically concentrated in coastal areas, but it is increasing
also the impact on open sea systems (Doney, 2010). The increasing
demand for energy production will likely lead to an increasing
spread of man-made structures in offshore areas (Skladany et al.,

Bick, A., Arlt, G., 2005. Intertidal and subtidal soft-bottom macro- and meiofauna of
the Kongsfjord (Spitsbergen). Polar Biol. 28, 550e557.

Bongers, T., 1990. The maturity index: an ecological measure of environmental
disturbance based on nematode species composition. Oecologia 83, 14e19.

Bongers, T., Bongers, M., 1998. Functional diversity of nematodes. Appl. Soil Ecol. 10,
239e251.
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2007; Wilson et al., 2010). Solid baseline information on the po-
tential consequences of multiple pressures is needed for an
appropriate the definition of the adequate mitigation and man-
agement strategies.

Recently, large-scale scale studies identified the Mediterranean
areas where the interaction between marine biodiversity and
anthropogenic threats are more pronounced (Coll et al., 2012;
http://globalmarine.nceas.ucsb.edu/mediterranean/). Our results
indicate that the investigated area in the northern Ionian Sea is
exposed to multiple stressors and the presence of offshore plat-
forms contribute to exacerbate the effects of these multiple
stressors on offshore habitats. Thus appropriate measures of
ecological compensation should be envisaged in the future in order
tomakemore compatible industrial development and conservation
of the biodiversity-mediated ecosystem functions.
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