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Abstract Physical disturbance is a key factor in control-
ling the spatial and temporal composition of shallow-water
benthic communities. Like shallow waters, deeper waters
are increasingly subject to a range of anthropogenic distur-
bances, which can lead to significant alterations in sedimen-
tation patterns. These alterations often exceed naturally
occurring changes. We used a combined analysis of six
independent data sets arising from large-scale field surveys
and small-scale laboratory experiments to investigate the
effects of seabed disturbance on nematode communities.
Disturbance response was documented as a function of
disturbance type (coastal development, dredged material
disposal, bottom trawling, glacial fjord) and intensity
(low, medium, high). Natural and man-induced seabed dis-
turbance exerted differential effects on exposed populations,
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generating changes in the taxonomic (genus) and functional
(feeding type) attributes of their assemblages. The genus
composition of nematode assemblages from geographically
separate seas converged with increased level of various
types of man-made disturbance. Assemblages present along
a gradient of natural disturbance in a glacial fjord followed
an opposite response vector, suggesting that community
changes induced by anthropogenic activities, or experimen-
tal treatments simulating the principal impacts of these,
inherently differ from disturbance of natural origin.
Changes in trophic diversity and structure were primarily
driven by factors confounded with physical disturbance,
such as metal contamination. Coupling the results of analy-
ses at multiple scales proved a useful means of providing
deeper insights into the general response of ecological com-
munities to environmental change.

Introduction

Disturbance is an important source of temporal and spatial
heterogeneity in natural communities (review by Sousa
1984) and has been highlighted in maintaining species
diversity by preventing competitive exclusion by dominant
species in an assemblage (e.g. Connell 1978; Sousa 1979;
Huston 1994; Death and Winterbourn 1995). Physical dis-
turbance, i.e. processes that lead to the disruption of sedi-
ments (review by Hall 1994), is a key factor in controlling
the spatial and temporal composition of benthic communi-
ties. Sediment movement, erosion and deposition are natu-
ral processes to which benthic organisms are adapted.
Benthic infauna burrow upwards or downwards to maintain
an ideal position in the sediment. Anthropogenic activities
including coastal development, dredged material disposal and
bottom trawling may cause widespread physical disturbance
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of the seabed and changes in sedimentation patterns in shelf
seas. The rates and magnitudes of these alterations often
greatly exceed those of natural occurrences.

The effects of physical seabed disturbance on benthic
ecosystems have been investigated in the field (e.g. Alongi
1985; Lopez-Jamar and Mejuto 1988; Warwick et al. 1990;
review by Jennings and Kaiser 1998; Boyd et al. 2000), in
field manipulation experiments (Hagerman and Rieger
1981; Fegley 1988; Kern 1990; Armonies 1994; Commito
and Tita 2002) and in laboratory studies performed with
experimental communities in micro- or mesocosms (e.g.
Maurer et al. 1986; review by Coull and Chandler 1992;
Chandrasekara and Frid 1998). Results to date indicate that
disturbance can influence the number of species that are
affected, assuming that there is some ranking of susceptibil-
ity to disturbance or recovery from disturbance based on
species-specific properties, such as population growth rates
and tolerance to environmental change.

A common approach used to assess the impact of physi-
cal disturbance on the benthos is to sample the seabed along
known or assumed disturbance gradients. Such field sam-
pling designs allow an examination of links between distur-
bance and structure of benthic communities. However, it is
usually difficult to distinguish disturbance-induced changes
in community structure from natural changes, as in most
cases information on the pre-disturbance status of the
assemblage and the surrounding environment are rare. The
small amount of seabed sampled relative to the sea areas
under consideration, and variability in the abiotic environ-
ment, generally limit the capacity of such studies to estab-
lish definitive cause—effect relationships beyond the
immediate site of impact.

Environmental factors can more easily be controlled in
simplified, small-scale ecosystem models (microcosms),
maintained in the laboratory for periods of weeks to
months. Meiofauna assemblages, and in particular nema-
todes, are ideal for experiments on this scale (Warwick
1993) and they have been widely used to determine the
effects of disturbances in aquatic ecosystems (review by
Coull and Chandler 1992). The real world and the micro-
cosm have their own distinct properties, which differ
because of the effects of scaling, environmental heterogene-
ity and species composition (Leffler 1980). Microcosms are
experimental units designed to contain important compo-
nents and to exhibit important processes occurring in a
whole ecosystem. They retain the essence of the natural
system from which they were abstracted rather than simu-
late a specific ecosystem (Draggan and Reisa 1980; Giesy
and Odum 1980).

Whilst short-term, small-scale laboratory experiments
quantify the immediate effect of disturbance on faunal
communities, larger-scale field surveys offer the capacity
to examine the prolonged effect of an impact and its
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manifestation over several generations. Coupling the results
from analyses at multiple scales can help to gain wider
insights into the response of populations and their assem-
blages to environmental pressures, although each method is
not without its own biases (Ellis et al. 2002; Palen et al.
2005; Rome et al. 2005; McCarthy et al. 2000).

Individual studies often yield useful quantitative data,
but they give no indication in themselves of whether the
magnitude and direction of an observed disturbance
response differs between studies or not. Combined analysis
of independent studies is a useful tool for exposing general
patterns in community responses to different pressures and
treatments, especially if care is taken to minimise con-
founding biases in the data (Dernie etal. 2003). This
approach permits ecological questions to be examined on a
much larger scale than would otherwise be possible, often
revealing consistent patterns that would be unsupported by
single studies (Collie et al. 2000).

In this article, we describe a combined analysis of
selected data on the abundances of free-living nematodes
from large-scale field surveys and controlled small-scale
laboratory experiments to test the null-hypothesis (H,) that
the effects of disturbance on nematode assemblages from
soft sediments are the same regardless of the type of physi-
cal disturbance. We specifically addressed two questions:

(1) Are there consistent patterns in the response of nema-
tode communities to physical disturbance resulting
from natural changes and man-made activities; i.e. can
specific effects on the taxonomic and functional struc-
ture of nematode assemblages be discerned?

(2) How are changes in assemblage structure observed in
the field related to observations from controlled labora-
tory experiments; i.e. can statistically significant field
observations be linked to ecologically significant
cause—effect relationships established in the labora-
tory?

We expected that increased level of disturbance would
result in the elimination of disturbance-sensitive species
due to the direct and indirect effects of the disturbance itself
and their replacement by more disturbance-tolerant species
due to release from competition (Medina et al. 2007). How-
ever, we had no a priori expectation in relation to the type
of physical disturbance.

Material and methods

In any combined analysis, individual studies become anon-
ymous along with all their assumptions, incompatibilities
and possible inconsistencies. These are often the conse-
quence of the wide variation in the design, the use of non-
standard methods and inconsistent taxonomy and variability
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in habitat and environmental factors specific to each case
study. Contrary to larger-sized ecosystem components,
there are currently not enough comparable data in the pub-
lished literature on the effects of seabed disturbance on
nematode genera to warrant a meta-analysis. At present
there is also a paucity of data linking field-collected obser-
vations to results from smaller-scale experiments. Follow-
ing careful screening of relevant published studies, we
therefore undertook a narrower and more refined analysis
involving six case studies. Our selection was based upon a
restricted habitat (i.e. soft sediments where the effects of
physical disturbance as a consequence of waves and cur-
rents are less pronounced than in coarser, more exposed
sediments), comparable sampling and processing protocols
and use of consistent taxonomy.

Field investigations targeted soft-bottom, subtidal species
assemblages in the Aegean Sea, the Irish Sea, the North Sea
and the North Atlantic. Sampling stations were located
either along a gradient or transect through areas of known
natural disturbance or anthropogenic activity or randomly
within areas characterised by different intensities of known
anthropogenic activity. Experimental data originated from a
series of microcosm experiments where nematode assem-
blages from estuarine mud were exposed to disturbance
treatments simulating sediment deposition and resuspension.
Study sites, sampling and experimental designs and sample
processing techniques are described in detail in the relevant
articles (Somerfield et al. 1995; Lampadariou et al. 1997,
Schratzberger and Warwick 1998; Schratzberger et al. 2000;
Schratzberger and Jennings 2002; Somerfield et al. 2006).
The following sub-sections provide a short summary.

Field surveys
Coastal development (Lampadariou et al. 1997)

Heraklion harbour on the coast of Crete, in the South
Aegean Sea (Fig. 1), is a small and shallow (5-22 m) har-
bour characterised by intense ferry boat activity and sup-
porting small commercial fishing boats and yachts.
Untreated domestic sewage is discharged into the harbour
through five outfalls. In 1993, nematode communities were
sampled on a grid of 17 stations, extending from the inner
area to the outer harbour.

Dredged material disposal (Somerfield et al. 1995)

Nematode assemblages were sampled along a transect
through a dredged material disposal ground in Liverpool
Bay, on the west coast of the UK (Fig. 1). The transect ran
approximately north—south through the disposal ground and
followed the 10 m contour to minimise effects of depth on
faunal patterns.

Bottom trawling (Schratzberger and Jennings 2002)

The effects of trawling disturbance on nematode communi-
ties were examined by comparing three beam-trawl fishing
grounds in the Silver Pit area of the central North Sea
(Fig. 1), at depths between 60 and 80 m, in two seasons.
These areas were trawled with mean frequencies of 1, 4 and
6 times year !, respectively.

Glacial fjord (Somerfield et al. 2006)

Nematode communities in Kongsfjord, on the coast of
Spitzbergen in the North Atlantic (Fig. 1), were sampled
along an environmental gradient from the glaciers to the
open sea. Factors varying along the gradient included sedi-
ment deposition, organic content and disturbance (e.g. gla-
cial discharges of meltwater, ice and till).

Laboratory experiments
Deposition (Schratzberger et al. 2000)

In a laboratory experiment to disentangle the effects of con-
tamination and frequency and amount of sediment deposi-
tion on meiofauna (Fig.2), nematode assemblages were
exposed to the simulated deposition of native, uncontami-
nated intertidal mud and non-native sediments from har-
bours in the Mersey and the Tees estuary (UK), both of
which were contaminated with heavy metals.

Resuspension (Schratzberger and Warwick 1998)

A microcosm experiment (Fig. 2) was undertaken to evalu-
ate the relative effects of continuous and episodic physical
disturbance on the structure of nematode communities in
intertidal mud.

Sample collection and processing

In the field surveys, replicate sediment samples were col-
lected by means of corers (Craib, NIOZ, Reineck) or van
Veen grab, deployed at random locations at each sampling
station (Fig. 1). The top 5 cm of Craib cores were retained
for faunal analyses; NIOZ cores, box cores and van Veen
grabs were sub-sampled with smaller cores to a depth of
5 cm. Additional samples were obtained for the analysis of
various sedimentary parameters. Faunal samples were fixed
and preserved in formalin and environmental samples were
frozen at —20°C pending analysis.

Sediment containing meiofauna was collected for the
laboratory experiments from two muddy estuaries, one
located at the southeast (Creeksea estuary), the other at the
southwest coast (Lynher estuary) of the UK. Two types of
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Fig. 1 Location of field sampling sites

microcosm designs were utilised (Fig. 2), glass cylinders,
closed with a rubber bung at the bottom (deposition experi-
ment) and glass bottles (resuspension experiment). Micro-
cosms were filled with a weighed amount of field-collected,
homogenised intertidal mud containing the meiofauna and
topped up with filtered seawater of natural salinity. In the
deposition experiment, weighed amounts of defaunated
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muddy sediment, including native intertidal sediment and
non-native harbour sediment, were deposited onto field-col-
lected sediment. Material was deposited in either one single
dose at the beginning of the experiment or ten small doses
throughout the study period. Defaunated harbour sediments
varied in the level of heavy metal contamination. Resuspen-
sion was effected by leaving the microcosms on and off a
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Fig. 2 Design of microcosms
and experimental treatments
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shaker for varying periods of time. All microcosms were
run as closed systems with aeration for 2 months at a tem-
perature between 15 and 20°C. Experiments were con-
ducted in the dark to prevent microalgal growth. Entire
microcosms were harvested at the end of each experiment
and the sediment fixed and preserved in formalin.

After washing the samples onto a 63 pm sieve, meio-
fauna were extracted with Ludox (Somerfield and Warwick
1996; Somerfield et al. 2005). The extraction was repeated
at least twice. The extracts were evaporated slowly to anhy-
drous glycerol and mounted, evenly spread, on slides for
identification and counting. Nematodes comprised the dom-
inant meiofauna taxon in all samples. The first 200 nema-
todes encountered in each sample or all nematodes present
in either the entire or a specified volume percentage of the
extract (containing approximately 200-300 individuals)
were identified to genus or species level.

Data processing

The six data sets, combined, contained a total of 199 sam-
ples (Vandepitte et al. submitted). Working with the data
set obtained at the dredged material disposal ground in Liv-
erpool Bay, Somerfield and Clarke (1995) showed that
aggregation of nematode species-level data to genus has lit-
tle effect on overall patterns. Species abundances in the

combined data set were therefore aggregated to genus prior
to analysis to reduce the effects of region- and study-
specific differences in species identities. The integrated data
set contained abundances of 156 genera.

In order to explore faunal differences between different
types of physical disturbance, sampling stations and experi-
mental treatments were coded by level of disturbance (i.e.
low, medium, high). Disturbance regimes (i.e. the areal
extent of disturbance effects on a receiving assemblage)
found at any one field sampling site, or simulated in any
one laboratory experiment, are influenced by a variety of
factors including local variation in the intensity, timing and
spatial distribution of potentially disturbing forces, which
can vary widely (review by Sousa 1984). The design of
field surveys and laboratory experiments utilised in the
combined analysis entailed the different spatial scales at
which low, medium and high levels of disturbance were
likely to occur. Comparable levels of disturbance caused by
coastal development and dredged material disposal were
expected to occur at smaller spatial scales (i.e. km) than
those resulting from bottom trawling or glacial activity (i.e.
tens of kilometres). The coding of field sampling stations
and experimental treatments was therefore based on a con-
tinuum of disturbance rather than on distinct thresholds,
taking into account the study-specific disturbance regimes.
This continuum was based on various combinations of
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measures including proximity to known or assumed
impacts and frequency of known impact/treatment
(Tables 1, 2, 3, 4).

In addition to the varying level of disturbance, and asso-

=

Q

=

;. g
R P
s 2L
. . 3 =} T =
ciated changes in the substrate, nematodes at the field study g 8 g § g g g
. o . 2 = £
sites were possibly influenced by other environmental gra- £a g § s E o g

. . . . 20 . p=1 = @
dients, such as differences in water depth or silt and con- Z = | 52 & P Q 3 § 5
. . . . & 58 3 £ > ) k=] %
taminant content in the sediment (Tables 2, 3). Available e@| 25 £ & 8 58 32
. . . . . = = L 95 & O~ Q O 2 o -5
information on ecological factors potentially affecting pop- 23| B o & 3 = s s S8 &%

. . . . . . . = oy O D O O
ulations were included in univariate and multivariate 28|25 22 ! 52 g3 52
. . . . . = 00 0= @ =) ‘7
regression and correlation analyses of relationships ég 22 2 % £g 2 g 2 § é
. 2l 8¢ & 25 8 = 9
between nematode community structure and type and level 85|25 z8 53832 5283

Oo| A A = A > 2

of disturbance. There was insufficient co-variation of vari-
ables used in these analyses to warrant any exclusions
(Quinn and Keough 2002).

Univariate analyses

To encapsulate variation in different aspects of community
structure, three univariate measures were calculated. Hill’s
N, (Hill 1973) is an evenness measure and is used to indi-
cate the diversity of genera in samples. An evenness mea-
sure was chosen as differences in sample sizes are
considered to be less of a problem for estimates of evenness
than for estimates of richness. The numbers of individuals
identified should give reasonable and comparable, esti-
mates. Taxonomic distinctness, A™ (Clarke and Warwick
1998a; Clarke and Warwick 2001a; review by Warwick
and Clarke 2001), is sample-size independent and measures
the relatedness of genera within assemblages. The Index of
Trophic Diversity (ITD; Heip et al. 1985) is another even-
ness measure, but this time it indicates the evenness of
feeding groups (Wieser 1953), rather than taxonomic
groups, within samples.

Relationships  between environmental variables,
assigned level of disturbance and univariate community
attributes were investigated by stepwise multiple regression
analysis with a forward direction (F to enter model was
1.00 and a P-value of <0.05 was considered to be statisti-
cally significant). The following variables were evaluated:
water depth, silt content, assigned level of disturbance and
cadmium, chromium, copper and lead concentration in the
sediment. Since the coding of samples was based on a dis-
turbance continuum, assigned disturbance level was treated
as a continuous variable with values 1, 2 and 3 for low,
medium and high disturbance levels, respectively (Quinn

confounded with toxicity of contaminants in sewage
changes in sediment structure and geochemistry
and burial by unconsolidated, easily eroded, sediments

with toxicity of contaminants in dredgings

and contaminated sediment

Increased turbidity, high rates of sedimentation and burial
by unconsolidated sediment

Direct burial by dredged material often confounded
High turbidity, frequent resuspension, sedimentation

Mechanisms potentially affecting nematodes

Resuspension and subsequent burial

Mortality or displacement and burial,
Burial by differing volumes of clean

resuspension and deposition of surface sediment

of untreated domestic sewage

Deposition of clean and contaminated dredged material
ice and till

Seabed disturbance due to boat traffic and discharge
Irregular passage of trawls causing scouring,

Regular sediment deposition, discharges of meltwater,
Deposition of clean and contaminated sediment
Sediment resuspension and subsequent deposition

Table 1 Type of seabed disturbance present at field sampling sites or simulated in laboratory experiments, mechanisms potentially affecting nematodes and categories used to assign level of
Seabed disturbance present/simulated
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. . .o - =
ables in the equations, then, one by one, the most signifi- g g _ . 3 og“
. . < O
cant variables (i.e. lowest P value) were added to the N & Ez g2 3 -
. . . . = ° = =2 = E’ E’
model. Tolerances of variables were used as an indication o |2 : g2 Z k= =98 2¢
. . . . . 2| = 3 5 g B o SE Z28
of colinearity among them. The aim of this type of analysis RS 29388 s = EE5 2%
. . . . . = < 580 o= & 2
was to obtain a model that contained relatively few signifi- 2| & 22 335 S Q 25 25
] > o = e) — ) 9]
B | = &} A m ] A 2

cant determinant variables with the highest coefficient of

@ Springer



Mar Biol (2009) 156:709-724 715
:l?l::enfeafl?:ééoilrgeli:l:/aell‘;afrii_is— Station Dist. level Depth (m) Silt (%) Cu (ppm) Cr (ppm) Pb (ppm) Cd (ppm)
turbance assigned to samples . Heraklion harbour (coastal development)*
from large-scale field surveys in
Heraklion harbour (Lampada- 0 Low 22 1 1 81 16 0.99
riou et al. 1997) and at the Liver- N Medium 14 10 7 123 33 0.90
pool Bay disposal ground N1 Medium 11 5 3 134 27 0.84
(Somerfield et al. 1995) N2 Medium 6 2 131 59 0.90
B High 5 48 70 132 64 1.39
C High 7 18 93 43 1.62
D High 42 31 138 118 1.39
E High 11 6 6 111 22 0.90
F High 7 12 20 107 34 1.10
H High 10 23 26 130 42 1.22
H1 High 12 8 4 107 17 1.07
I High 10 23 23 115 44 1.16
J High 10 18 8 141 29 0.99
L High 7 16 10 204 17 2.63
L1 High 5 51 76 195 26 3.62
M High 13 6 10 132 23 0.73
Liverpool Bay disposal ground (dredged material disposal)”
Station names as in Fig. 1 1 Low 10 7 33 79 209 0.16
# Station G was omitted because 2 Low 10 6 45 69 103 0.26
prmeetnan oo S L0 0 6 e os
1993) and because it could not 7 Low 10 8 43 57 87 0.28
be ascribed to any of the three 6 Medium 10 8 43 66 90 0.40
disturbance levels 4 High 10 33 74 94 136 0.65
® Day grab samples were 5 High 10 83 76 96 141 0.68

omitted

Table 3 Environmental variables measured and level of disturbance
assigned to samples from the large-scale field surveys at Silver Pit fish-
ing grounds (Schratzberger and Jennings 2002) and in Kongsfjord
(Somerfield et al. 2006)

Station Disturbance level Depth (m) Silt (%)
Silver Pit fishing grounds (bottom trawling)
1A Low 74 37
1B Low 69 33
1C Low 75 25
3A Medium 72 37
3B Medium 65 35
3C Medium 70 36
S5A High 65 39
5B High 63 42
5C High 60 27
Kongsfjord (glacial fjord)
0 Low 301 90
1 Low 363 96
3 Medium 290 94
4 Medium 133 93
5 High 80 95

Station names as in Fig. 1

determination (rz). Partial correlation was used to explore
the relationship between univariate indices and level of dis-
turbance, while controlling for confounding variables.
These included water depth (coastal development, bottom
trawling, glacial fjord, all data sets combined) and silt, cad-
mium, chromium and copper concentration in the sediment
(dredged material disposal). Preliminary analyses were per-
formed to ensure that there was no violation of the assump-
tions of normality, linearity and homoscedasticity. Multiple
regression analyses were carried out using Statistica ver-
sion 6.0.

Multivariate analyses

The analysis of multivariate ecological data should include
a robust unconstrained and/or constrained ordination, a rig-
orous statistical test of the hypothesis and a characterisation
of species responsible for multivariate patterns (Anderson
and Willis 2003). Unconstrained ordination techniques are
useful for visualising broad community patterns across the
entire data, as well as any differences in within-group vari-
ability and spread. Although group differences may be seen
in an unconstrained ordination, they can be masked by high
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Table 4 Treatments applied

Experimental treatment

and level of disturbance Treatment Disturbance
. level
assigned to samples from small-
scale laboratory experiments D P
. eposition
(Schratzberger and Warwick
1998; Schratzberger et al. 2000) Crel0 Low
TeelO Medium
Mel0 Medium
Crel High
Teel High
Mel High
Resuspension®
L Lynl6 Low
Treatment names as in Fig. 2
a . Lyn8 Low
Experimental controls and .
bottom (69 cm) and middle Lyn4 Medium
(3-6 cm) sediment layers were Lyn2 Medium
omitted Lynl High
b Experimental controls and Lyn0 High

Deposition of clean native sediment in 10 doses of 0.6 cm
Deposition of contaminated non-native sediment in 10 doses of 0.6 cm
Deposition of contaminated non-native sediment in 10 doses of 0.6 cm

Deposition of clean native sediment in a single dose of 6 cm

Deposition of contaminated non-native sediment in a single dose of 6 cm

Deposition of contaminated non-native sediment in a single dose of 6 cm

Two days resuspension followed by 16 days of recovery
Two days resuspension followed by 8 days of recovery
Two days resuspension followed by 4 days of recovery
Two days resuspension followed by 2 days of recovery
Two days resuspension followed by 1 day of recovery

Continuous resuspension

sand microcosms were omitted

variability and correlation structure among variables unre-
lated to group differences. A constrained ordination, on the
other hand, does not allow an assessment of either total or
relative within-group variability, but it does allow location
differences between groups to be seen, if indeed any are dis-
cernible in multivariate space (Anderson and Willis 2003).
We carried out preliminary analyses on the combined data
set, applying both unconstrained and constrained ordination
procedures. Results indicated that unconstrained ordination
techniques such as non-parametric multi-dimensional scal-
ing (MDS), based on appropriate resemblance measures
(Clarke et al. 2006), provided a powerful tool for visualis-
ing patterns in nematode assemblage data (Clarke 1993;
Clarke and Warwick 2001Db).

Two-way analysis of similarities (ANOSIM; Clarke
1993) was performed on station- and treatment-averaged
data to test for statistically significant effects of the factors
“study type” (i.e. six study types averaged over three distur-
bance levels) and “disturbance level” (i.e. three disturbance
levels averaged over six study types). Two-way similarities
percentages analysis (SIMPER; Clarke 1993) with the same
factors was used to identify genera or feeding types contrib-
uting to differences between a priori groups of samples.

BIOENV (Clarke and Ainsworth 1993) and BVSTEP
analyses (Clarke and Warwick 1998b) were used to investi-
gate relationships between water depth, sediment silt con-
tent, contaminant concentration, level of disturbance and
community composition at the field sampling sites. Spear-
man rank correlations (p) between resemblance matrices
derived from faunal data (based on Bray—Curtis similarity)
and matrices derived from various sub-sets of environmen-
tal data (based on normalised euclidean distance) were used
to identify suites of variables that best explained observed
biotic patterns. The significance of the correlations was
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determined using a permutation procedure (Clarke et al.
2008). All multivariate analyses were performed using
Primer version 6.1.5 (Clarke and Gorley 2006).

Results

Multiple regression analyses of relationships among uni-
variate indices (N, ITD and A*), environmental variables
and assigned level of disturbance (Table 5) showed that
best model predictions were achieved when analyses were
performed separately for each data set (model predictions
between 14 and 60% and 30 and 99% for the combined and
separate data sets, respectively). In most cases, there was a
strong partial correlation between genus or trophic diversity
and level of disturbance, controlling for depth (r > + 0.43,
P <0.01) or for contaminants (r> =+ 0.73, P <0.02). An
inspection of the zero-order correlation (r> 4 0.48 for
depth and r > &£ 0.92 for contaminants) suggested that con-
trolling for these two factors had little effect on the strength
of the relationship between disturbance level and genus or
trophic diversity, respectively. In contrast, a partial correla-
tion between level of disturbance and taxonomic distinct-
ness persisted marginally only when controlling for depth
(r=0.47, P=0.05), whilst it was lost when controlling for
contaminants (» > 4= 0.04, P > 0.38).

Multivariate correlation analyses (i.e. BIOENV and
BVSTEDP analyses; Table 6) showed that, in most cases, the
assigned disturbance level was the single most important
variable in determining the genus composition of nematode
assemblages. Some contaminants, in combination with the
assigned level of disturbance, influenced the trophic struc-
ture of nematode assemblages at sites exposed to coastal
development and dredged material disposal. When the
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Table 5 Sub-sets of variables
that best explained the observed
variation in genus diversity (V,),
taxonomic distinctness (A*) and
trophic diversity (ITD) as select-
ed by the multiple regression
modelling (variables are shown
in order of importance)

Variables used include water
depth, silt content, assigned dis-
turbance level and, for coastal

development and dredged mate-
rial disposal only, also cadmium
(Cd), chromium (Cr), copper
(Cu) and lead (Pb) concentration
in the sediment (see Tables 2
and 3)

ns not significant at P < 0.05

Percentage® P Variables
Genus diversity (V)
Coastal development 74 <0.01 Disturbance level, Cu concentration
Dredged material disposal 86 <0.01 Disturbance level
Bottom trawling 60 0.01 Disturbance level
Glacial fjord 33 ns -
All data sets combined 60 <0.01 Disturbance level, depth
Taxonomic distinctness (A*)
Coastal development 30 0.03 Disturbance level
Dredged material disposal 63 0.03 Cd concentration
Bottom trawling 54 ns -
Glacial fjord 53 ns -
All data sets combined 14 ns -
Trophic diversity (ITD)
Coastal development 72 <0.01 Silt content, Cr concentration, depth
Dredged material disposal 99 <0.01 Cd, Cu and Pb concentration
Bottom trawling 48 0.04 Disturbance level
Glacial fjord 44 ns -
All data sets combined 25 <0.01 Disturbance level

# Percent variance explained

Table 6 Spearman rank correlation (p) and significance level (P)
between averaged faunal data and mean environmental variables
(variables are shown in order of importance)

o P Variables
Genus
Coastal development 0.766 0.01 Disturbance level
Dredged material disposal 0.924 0.03  Disturbance level
Bottom trawling 0.580 0.01 Disturbance level
Glacial fjord 0.770 ns -
All data sets combined® 0.470 <0.01 Depth, silt content

Feeding type (Wieser 1953)

Coastal development 0.446 0.02 Disturbance level, Cd
and Cu concentrion

Dredged material disposal 0.958 0.01  Disturbance level, Cd
and Cu concentration

Bottom trawling 0.349 0.02  Disturbance level

Glacial fjord 0.488 ns -

All data sets combined 0.300 <0.01 Disturbance level,

silt content

Variables used include water depth, silt content, assigned disturbance
level and, for coastal development and dredged material disposal only,
also cadmium (Cd), chromium (Cr), copper (Cu) and lead (Pb) concen-
tration in the sediment (see Tables 2 and 3). All heavy metal concen-
trations were log-transformed

ns not significant at P < 0.05

% Combination of disturbance level, depth, silt content: p = 0.446,
P=0.01

assigned disturbance level was excluded from the analyses,
correlations between biotic and abiotic matrices were, how-
ever, still significant at P < 0.05 in some cases.

A combination of the genus and trophic diversity and
taxonomic distinctness, expressed as N;, ITD and A",
respectively, summarises the impact of various types of
seabed disturbance on nematode communities (Fig. 3):

(1) Low genus diversity at stations highly impacted by
coastal development and dredged material disposal was
coupled with a significantly increased taxonomic dis-
tinctness of nematode communities and decreased tro-
phic diversity.

(2) In field situations where man-induced seabed distur-
bance was not confounded by contamination (i.e. bot-
tom trawling), genus diversity decreased with
increasing level of disturbance, while taxonomic dis-
tinctness and ITD appeared relatively unaffected.

(3) The negative relationship between nematode genus
diversity and level of disturbance at anthropogenically
impacted study sites corresponded with the trend
observed in a microcosm experiment studying the con-
founded effects of burial and sediment contamination
on nematode communities.

(4) The response of nematode assemblages to different fre-
quencies of sediment resuspension and subsequent
deposition in the laboratory was non-monotonic with
highest trophic diversity (i.e. lowest ITD) and
taxonomic distinctness at intermediate disturbance fre-
quencies. Similar, though less pronounced, trends for
taxonomic distinctness were apparent along a natural
gradient of glacier-induced disturbance.

In all samples, genus diversity decreased with increasing level
of disturbance (Fig. 3). Chromadorids (i.e. Ptycholaimellus in
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Fig. 3 Mean (£95% pooled
confidence intervals) genus
diversity (N,), taxonomic
distinctness (A*) and Index of
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field samples and Prochromadorella in experimental
microcosms) were absent from highly impacted samples as
were several genera belonging to the cyatholaimids (field
surveys) and some large enoplids (laboratory experiments).

In an MDS ordination (Fig. 4) based on the mean rela-
tive abundance of nematode genera, samples from large-
scale field surveys in shallow shelf seas were located at the
right-hand side of the plot, whereas those from deeper
waters were found to the left. The separation of assem-
blages harvested from experimental microcosms and those
collected in the field was most likely a result of inevitable
differences in scaling, environmental heterogeneity, poten-
tial for recolonisation and composition of the communities
studied (i.e. subtidal assemblages in field surveys and inter-
tidal assemblages in the experiments). Results from two-
way ANOSIM revealed a consistent effect of disturbance
level on the genus composition of nematode assemblages
(global R for disturbance level effect averaged over study

L H
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types: 0.786, P < 0.01), against study-specific dissimilari-
ties between communities (global R for study type effect
averaged over disturbance levels: 0.792, P <0.01). The
genus composition of nematode assemblages from geo-
graphically separate seas became increasingly similar with
increased level of various types of anthropogenic distur-
bance (Fig. 4). The response of nematodes from the deposi-
tion experiment followed the same trajectory. Conversely,
communities present in treatments from the resuspension
experiment and along a gradient of natural, glacier-induced
disturbance followed an opposite response vector.
Taxonomic differences in nematode assemblages among
groups of samples mainly resulted from changes in the rela-
tive abundance of genera that are frequently encountered in
muddy intertidal and subtidal sediments, including Sabatie-
ria, Leptolaimus and Terschellingia (SIMPER analysis). In
general, proportions of Sabatieria increased with increasing
level of disturbance but, as illustrated in Fig. 5, the
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Assigned disturbance level
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Fig. 4 Non-parametric multidimensional scaling (MDS) ordination of
field surveys and laboratory experiments coded by level of disturbance.
The plot is derived from a similarity matrix of relative abundance of
genera. Arrows indicate community change in response to increasing

level of disturbance

Fig. 5 Mean (£95% pooled
confidence intervals) relative
abundance of discriminating
nematode genera from field sur-
veys and laboratory experiments
coded by level of disturbance

< Field surveys ————>

Coastal
development

Disposal

magnitude of this trend was study-specific. Sabatieria, and
to a lesser degree Terschellingia, exhibited a consistent
response to man-made disturbance at all field sampling
sites. Increased dominance of these two genera with
increasing level of disturbance was possibly due to their
resilience to burial and/or their ability to survive in
contaminated sediments (Fig. 5). The response of the three
discriminating genera to repeated resuspension and subse-
quent deposition of sediment in experimental microcosms
resulted in unaltered (Sabatieria), increased (Leptolaimus)
or decreased (Terschellingia) dominance with increased
level of disturbance (Fig. 5).

MDS based on the relative abundances of feeding types
(Fig. 6) showed a graded change in community composi-
tion with increasing level of disturbance. Increasing levels
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Fig. 6 Non-parametric multidimensional scaling (MDS) ordination of
field surveys and laboratory experiments coded by level of disturbance.
The plot is derived from a similarity matrix of relative abundance of
feeding types (Wieser 1953). For clarity, the values within each of
three disturbance levels were averaged for each field survey/laboratory
experiment. Arrows indicate community change in response to increas-
ing level of disturbance

of disturbance generally led to the decline of epigrowth
feeders (global R for disturbance level effect averaged over
study types: 0.348, P < 0.01). However, the direction of the
community change differed between study types (global R
for study type effect averaged over disturbance levels:
0.485, P <0.01) and in particular between field situations
where seabed disturbance was confounded by contamina-
tion (coastal development, dredged material disposal) and
locations where this was not the case (bottom trawling, gla-
cial fjord). The proportion of epigrowth feeders decreased
in response to coastal development and dredged material
disposal, increased with increasing level of bottom trawling
and remained largely unaltered along the environmental
gradient in a glacial fjord. Together with results from the
correlation analyses (Table 6), this suggests that the decline
of epigrowth feeders following coastal development and
dredged material disposal might partly be a consequence of
the susceptibility of this feeding type to heavy metal con-
tamination rather than sediment movement. None of the
trends observed in the field could be linked conclusively to
results from the resuspension experiment where epigrowth
feeders dominated nematode assemblages at intermediate
levels of disturbance.

Discussion

Disturbance-induced changes in benthic systems are com-
plex, factors affecting the system are not exclusive but
interdependent (Fernandez-Duque and Veleggia 1993) and
it is generally impossible to attribute observed changes to a
single cause. Benthic communities vary in concert with
numerous physical, chemical and geological processes that
include both natural and man-induced effects. Generally,
the richness of benthic invertebrates is highest in stable,

@ Springer

undisturbed communities and depauperate populations
occur in unstable regions of constant disturbance. The
response of populations to modest or irregular disturbance,
however, is variable (Gaston et al. 1998; Mackey and Cur-
rie 2001). In this article, we present results from the com-
bined analysis of individual data sets investigating the
response of nematode communities to seabed disturbance
of different natural and anthropogenic origin. This form of
analysis allowed us to determine whether multiple, inde-
pendent studies reveal general relationships and whether
any general relationships are influenced by one or more
variables (e.g. type and level of seabed disturbance).

Only patterns of genus diversity were consistent,
decreasing with increasing level of disturbance, regardless
of the disturbance type (Table 7). Trends in taxonomic dis-
tinctness and trophic group diversity, in contrast, were
more variable and depended on the nature and origin of the
stress-generating factors. As such, the null-hypothesis is
rejected. At sites exposed to coastal development and
dredged material disposal, taxonomically closely related,
epigrowth feeding genera such as Sprinia and Desmodora
were highly susceptible to seabed disturbance, resulting in
reduced genus diversity at greatly impacted stations. An
increased ITD (i.e. decreased trophic diversity) at these sta-
tions was primarily due to increased dominance of non-
selective deposit feeders. These included a range of genera,
which are more taxonomically distinct than the epigrowth
feeders that were lost from the system, leading to increased
taxonomic distinctness values as the level of disturbance
increased. Reductions in genus diversity as a result of bot-
tom trawling were not manifested in changes of taxonomic
distinctness and trophic diversity, indicating that genera
were lost across taxonomic groups and functional guilds.
Results from the resuspension experiment revealed that tax-
onomic distinctness did not change in an ordered fashion
with increasing frequency of disturbance. Low and high
frequency of disturbance were dominated by taxonomically
closely related genera, whereas assemblages were more
taxonomically distinct at intermediate levels of disturbance.
A similar, though less pronounced, pattern was observed
along a long-term natural disturbance gradient in a glacial
fjord.

Studying various marine habitats including intertidal
mud and sand as well as subtidal fine silts, coarse gravels
and stones, Warwick and Clarke (1998) found that the taxo-
nomic distinctness of nematodes from environmentally
degraded locations was generally reduced in comparison
with that of more pristine locations. Their data also
revealed a positive relationship between taxonomic dis-
tinctness and trophic diversity; a reduction in trophic diver-
sity generally led to a reduction in taxonomic distinctness.
These findings are in contrast to the inconsistent trends
revealed in this study, suggesting that measures of
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Table 7 Main drivers for changes in the taxonomic and trophic diversity and composition of nematode communities in response to physical

disturbance of the seabed

Community attribute

Response

Main driver of response

Genus diversity

Genus composition

Trophic diversity

Feeding type
composition

Consistent decline with increased level of disturbance,
irrespective of disturbance type or origin

Assemblages exposed to various types of man-induced impacts
and those present along a gradient of natural disturbance follow
opposite response vectors

Decline in sediments where high levels of heavy metal contamination
confound the effects of physical disturbance

Dominance of non-selective deposit feeders and reduction of epigrowth
feeders in sediments where high levels of heavy metal contamination

Disturbance level

Disturbance level and origin

Type of man-made activity

Type of man-made activity

confound the effects of physical disturbance

taxonomic distinctness and functional diversity should be
treated with caution before being recommended as univer-
sal diagnostic indicators of physical disturbance in benthic
biota (review by Warwick and Clarke 2001; Wlodarsaka-
Kowalczuk et al. 2005; Somerfield et al. 2006).

Are there consistent patterns in the response of nematode
communities to physical disturbance resulting from natural
changes and man-made activities?

Seabed disturbance at a harbour, a dredged material dis-
posal site, a fishing ground and a glacial fjord affected
genus composition differentially, although the patterns in
genus diversity were consistent regardless of the type of
disturbance. Communities present along the gradient of
natural disturbance in a glacial fjord followed an opposite
response vector to those present at anthropogenically
impacted sites. This suggests that man-induced commu-
nity changes might be intrinsically different from those of
natural origin (Table 7). The difference may stem from the
longer history of natural physical disturbance compared to
relatively recent anthropogenic disturbances. Furthermore,
the more episodic and unpredictable nature (i.e. high
amplitude, low frequency) of many man-induced changes
tends to differ from the chronic and predictable character
(i.e. low amplitude, high frequency) of most natural distur-
bances.

Colonisation following seabed disturbance requires that
the first arrivals can initiate new populations. After initial
successful colonisation, the next stage is characterised by
establishment of a viable, self-sustaining population.
Whilst dispersal constraints determine the pool of potential
colonists available at a particular time and place, environ-
mental constraints subsequently restrict species establish-
ment and mediate interactions between successful colonists
(Schratzberger et al. 2008). Although responses of nema-
tode communities to disturbance may be complex, gener-
ally disturbance leads to dominance by opportunistic
genera (review by Heip et al. 1985 and case studies cited in

the “Introduction”). Opportunistic genera often display a
high phenotypic plasticity, illustrated by their ability to
alter their growth rate, physiology or behaviour to better
suit the environmental conditions with which they are
faced. Our results provide empirical evidence that adaptive
strategies of genera to physical disturbance of anthropo-
genic and natural origin might differ.

In the present study, Sabatieria proliferated at high lev-
els of anthropogenic disturbance resulting from coastal
development, dredged material disposal and bottom trawl-
ing. Species belonging to this genus are adapted to exploit
newly available habitats or resources and are typically
found in unpredictable and variable environments (Vincx
1990; Heip et al. 1990). Tietjen (1980) reported that Saba-
tieria species are well-adapted to different types of environ-
mental change and Jensen (1984) showed that they are able
to survive extended periods of anoxia. Dominance in
anthropogenically impacted sediments suggests that this
genus has evolved life-history characteristics (e.g. rapid
growth rate, ability to adapt to a wide range of environmen-
tal conditions) that allow it to quickly establish itself in
newly exposed habitats and persist in disturbed sediments
where it may occur in high densities (Thistle 1981; Moore
and Bett 1989; Somerfield et al. 1995).

In contrast, Leptolaimus, the genus dominating in the
glacial bay where highest levels of natural physical distur-
bance were encountered, is not classified as truly opportu-
nistic although high densities have been reported from some
impacted sites and microcosms (Jayasree and Warwick
1977; Modig and Olafsson 1998). Ullberg and Olafsson
(2003) hypothesised that the agility of small, surface-dwelling
nematode genera (e.g. Leptolaimus) might be an evolutionary
response towards higher levels of competence for coping
with low amplitude, high frequency disturbance events.
It appears that genera dominating in near-glacial sites are
adapted to respond to frequent disturbance events rapidly
by employing special life-history traits, such as high agility
coupled with high dispersal potential (Lee etal. 2001;
Commito and Tita 2002).
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In terms of trophic diversity and structure, the response
of nematode communities to disturbance originating from
various types of man-made activities and natural processes
was primarily driven by factors confounded with physical
disturbance of the seabed (Table 7). That heavy metal con-
tamination of the sediment was inversely related to trophic
diversity supports a well-established, but seldom docu-
mented, paradigm amongst ecologists: pollution adversely
affects community function (Rakocinski et al. 1997; Gaston
et al. 1998). Much of this effect at the field locations of the
present study was manifested in dominance of non-selec-
tive deposit feeders in contaminated sediments and a reduc-
tion of epigrowth feeders. This resulted in a less even mix
of functional groups at impacted stations as illustrated by
an increased ITD. In contrast, the type and frequency of
seabed disturbance experienced at a North Sea fishing
ground appeared to favour epigrowth feeding nematodes.
The functional characteristics of epigrowth feeders were
clearly suited to those conditions. The advantages of a sur-
vival strategy that combines a high productive potential,
continuous asynchronous breeding and feeding position
near the sediment surface at uncontaminated sites with high
level of physical disturbance are clear: non-continuous dis-
persal and recolonisation of disturbed areas are possible
(Nichols and Thompson 1985).

How are changes in assemblage structure observed
in the field related to observations from controlled
laboratory experiments?

A range of different mechanisms can cause mortality of
nematodes at harbours, disposal sites and fishing grounds,
including increased turbidity, high rates of sedimentation
and sudden burial. In some cases (e.g. coastal development,
dredged material disposal), these events can be confounded
by sediment contamination. Similar trajectories were
revealed for nematode communities responding to anthropo-
genic seabed disturbance in the field and experimental treat-
ments simulating these (i.e. deposition experiment). Equally,
comparable changes were observed of communities present
in treatments from the resuspension experiment and along a
gradient of natural, glacier-induced disturbance, suggesting
that the response of nematodes to certain aspects of glacier-
induced seabed disturbance was, to some extent, replicated
successfully in the laboratory. At high-latitude fjords,
chronic physical disturbance of natural origin is accompa-
nied by low organic matter input. The activity of Arctic
tidal glaciers results in high turbidity, high rates of inorganic
particulate sedimentation and sedimentary instability in
near-glacier marine basins. High sedimentation results in the
formation of unconsolidated, easily eroded sediments, which
are readily and frequently resuspended and redeposited
(Wlodarsaka-Kowalczuk et al. 2005).
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It would seem that the effects of both burial and heavy
metal contamination were more pronounced at the sites
exposed to man-induced seabed disturbance than in the gla-
cial fjord where smaller amounts of virtually uncontami-
nated sediment are possibly resuspended and deposited
more regularly. The use of multiple data sets and the agree-
ment, to an extent, of the results derived from large-scale
field surveys and small-scale laboratory experiments cor-
roborates the idea that, although serving different purposes,
both approaches combined can provide better insights into
the complexity of ecological processes.

Outlook

Analysing a combined data set, including observations
from already published studies, allowed us to compare the
effects of different types of seabed disturbance on nematode
assemblages. Although, to some degree, results may have
arisen from the unbalanced nature of the data with many
natural and anthropogenic seabed disturbances unrepre-
sented, we were able to draw new conclusions that clearly
go beyond the scope of the individual published papers.

Comparisons of the nature and effects of natural versus
anthropogenic disturbance are necessary for understanding
the ways in which anthropogenic activities influence ben-
thic ecosystems and this clearly requires further field stud-
ies and experimental tests. As with most ecological issues
of this kind, there is unlikely to be a simple answer, and ele-
ments of several explanations will probably pertain in
different places and at different times. As evidenced from
the outcome of this study, generalisations about attributes
of assemblages prevailing at impacted locations are most
likely to emerge from the combined analysis of indepen-
dent, but comparable, data sets, an approach that is readily
amenable to updating in the light of new data.
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