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Abstract Disturbance due to trawling reduces the bio­
mass and production of macro-infaunal invertebrate 
communities, implying that their total food-consumption 
rate will fall, and that production (carbon) reaching the 
sea floor will be processed by other animals that can 
withstand the effects of trawling. Meiofauna may be re­
sistant to disturbance by trawling because they are likely 
to be resuspended rather than killed by trawls and because 
their short generation times would allow them to with­
stand elevated mortality. We used a BACI experimental 
approach to investigate the short-term effects of beam 
trawling on the diversity, biomass and community struc­
ture of meiofauna on real fishing grounds in the southern 
North Sea. Experiments at two locations showed that 
there were no short- to medium-term (1-392 days after 
experimental trawling) trawling impacts on meiofaunal 
diversity or biomass, but that there were mild effects on 
community structure. Any impacts due to trawling were 
minor in relation to seasonal changes in the meiofaunal 
communities. We assessed the power of our experiments 
to detect the effects of trawling and recorded a 44-85% 
chance of detecting a 50% change in species richness and a 
65% chance of detecting an order-of-magnitude change in 
biomass. The power to detect changes in total abundance, 
however, was low (between 11% and 12% power for de­
tecting a change of 50%). We suggest that meiofauna are 
more resistant to disturbance by beam trawling than are
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macrofauna and that they have the potential to withstand 
the effects of chronic trawling on real fishing grounds and 
to retain a key role in energy cycling.

Introduction

Bottom trawling is a source of chronic and widespread 
disturbance in shallow shelf seas and modifies the 
diversity, community structure, trophic structure and 
productivity of macrobenthic invertebrate communities 
(Groot and Lindeboom 1994; Dayton et al. 1995; Jen­
nings and Kaiser 1998; Lindeboom and Groot 1998; Haii 
1999; Collie et al. 2000a; Gislason et al. 2000; Kaiser and 
Groot 2000). Experimental and field studies have shown 
that the abundance of macrobenthic infaunal and 
epifaunal species is reduced by trawling, and that fragile 
species with larger body sizes and slow life histories are 
generally more vulnerable than those species with 
smaller body sizes (Kaiser and Spencer 1996; Thrush 
et al. 1998; Tuck et al. 1998; Bergman and Santbrink 
2000a, b; Gislason and Sinclair 2000; Hall-Spencer and 
Moore 2000; Kaiser et al. 2000). As a result, trawled 
communities are increasingly dominated by small infa­
unal species with fast life histories (Gubbay and Knap- 
man 1999; Kaiser et al. 2000; Jennings et al. 2001).

Since disturbance by trawling reduces the abundance 
of the larger macrofauna that may compete with, or 
predate on, smaller macrofauna, smaller species may 
start to proliferate. Such proliferation would require 
that the smaller species withstand the mortality imposed 
by trawling. However, a recent study of the effects of 
beam trawling on the biomass and production of benthic 
infauna in the central North Sea suggested that any in­
creases in the biomass or production of smaller infauna 
were small in relation to the losses in overall community 
biomass and production that resulted from the depletion 
of larger individuals (Jennings et al. 2001).

If the biomass and production of macrofauna is 
reduced by trawling, the production (fixed carbon) that
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arrives at the sea floor must be processed by other 
animals, exported or accumulated as detritus.

Previous studies of trawling effects have focused on 
macrofauna, because they are conspicuous, relatively 
easy to sample and process, killed directly by trawling 
gears and provide habitat structure (Currie and Parry 
1996; Bradshaw et al. 2000; Collie et al. 2000a, b; 
Craeymeersch et al. 2000; Hall-Spencer and Moore 
2000; Kaiser et al. 2000; Lindegarth et al. 2000; Piet et al. 
2000; Pranovi et al. 2000; Rumohr and Kujawski 2000; 
Veale et al. 2000). However, meiofauna (animals that 
pass through a 500-pm-mesh sieve but are retained in a 
63-pm-mesh sieve) can make a greater contribution to 
benthic production than the macrofauna, and their role 
in the benthic ecosystem should not be overlooked 
(Kuipers et al. 1981; Schwinghamer et al. 1986). Meio­
fauna are more productive as a result of their abundance 
and fast turnover times; for example, Schwinghamer 
et al. (1986) quote turnover times of 24 days and less for 
organisms <2.1x10 7 g wet weight (converted from 
kilocalories; Brey, personal communication) an order of 
magnitude greater than those for most macrofauna.

Meiofauna may resist disturbance due to trawling 
because their small body sizes suggest they may be 
resuspended rather than killed by trawls (e.g. Gilkinson 
et al. 1998) and because their short generation times (e.g. 
Schwinghamer et al. 1986) would allow their popula­
tions to withstand high mortality due to trawling. If 
meiofauna are resistant to disturbance by trawling, then 
they may continue to process energy in the benthic 
ecosystem when the productivity of macrofauna is re­
duced. Moreover, they could even proliferate as a result 
of reduced competition and predation.

Since heavily trawled ecosystems are affected by other 
human activities, such as waste disposal, oil and gas 
drilling, transportation and recreation (Kinne 1995), it is 
difficult to assess the relative roles of fishing disturbance 
and other factors in contributing to community change 
(Rees and Eleftheriou 1989; Jones 1992; Dayton et al. 
1995; Currie and Parry 1996; Thrush et al. 1998; Blaber 
et al. 2000). We therefore adopted an experimental 
approach to this initial study of the effects of trawling on 
meiofauna, working in two relatively lightly trawled 
muddy areas in the southern North Sea (Jennings et al. 
2000).

Our aims were to: (1) describe the short- and medi­
um-term (weeks and months) effects of beam trawling on 
meiofauna at two experimental locations; (2) assess the 
power of our experiments to detect specified changes in 
meiofaunal biomass, density and diversity; and (3) 
identify the potentially most effective biological response 
(biomass versus species richness).

Materials and methods

Study area

Trawling experiments were conducted at two locations in the 
southern N orth Sea: the Western M ud Hole (depth 39 m) and the

Botney Cut (depth 59 m) (Fig. 1). The sediments at both experi­
mental locations fall within the category of muddy sands (Western 
M ud Hole, mean particle diameter 76 pm) or muds (Botney Cut, 
mean particle diameter 16 pm) and were generally poorly sorted, 
with sorting coefficients of 2.04 and 2.27, respectively. The sediment 
at the Western M ud Hole consisted of 79% sand and 21 % silt/clay; 
that at Botney Cut, of 27% sand and 73% silt/clay (D.S. Lim- 
penny, unpublished).

We used side-scan sonar to confirm that trawl tracks were 
absent at the start of the experiment. This was necessary because 
the resolution of trawling-effort data at the study sites was too low 
to indicate whether 12-m-beam trawls, of the type that are most 
frequently deployed by trawlers in the central N orth Sea, had 
recently been towed over the small areas where we worked (Jen­
nings et al. 2000). M eiofauna were sampled randomly at an impact 
site A and an untrawled control site B at both locations (Fig. 2), 
once before and on several occasions after experimental trawling 
(Before-After-Control-Impact, BACI; Faith et al. 1991; Under­
wood 1991, 1992).

After initial sampling, both impact sites (A) were trawled with a 
4-m-beam trawl (25 parallel hauls). The trawl was fished at a speed 
of 5 knots (8 km ffi1) and was fitted with 80-mm mesh and a chain 
matrix (Lindeboom and G root 1998). The presence of a physical 
trawling impact was confirmed using side-scan sonar, and repeat 
meiofauna sampling was completed at sites A and B (Fig. 2). All 
trawling and sampling was conducted from the CEFAS R.V. 
“Corystes” (LOA 53.25 m).

Since our aim was to investigate the effects of trawling on the 
meiofauna assemblages that are found on real beam-trawling 
grounds, we had to conduct our experiments at offshore locations. 
Logistic considerations preclude extended periods of work at these 
locations, and we had to make a careful cost-benefit assessment of 
our experimental design. Offshore sampling was possible on four to 
five occasions in 1999 and 2000, and we decided to sample only 
once before the trawling impact but on several occasions following 
the impact (Table 1). However, we were aware of the associated
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Western Mud Hole

Fig. 1 Location of experimental areas in the southern N orth Sea
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overlying water. The corer was deployed four times at each site oti 
each sampling occasion. On the ship, a perspex tube with a 5.5-cm 
internal diameter was pushed into the sediment core until the top of 
the tube was level with the water surface in the core. The water 
overlying the sediment in the core tube was carefully siphoned off 
into a 63-pm-mesh sieve and washed into a sample pot. A  rubber 
bung was placed tightly in the top end of the core tube. Sediment 
around the core tube was excavated carefully and the core tube 
pulled out slowly, supporting the bottom  end. The rubber bung 
from the top end of the core tube was removed to allow the sedi­
ment core to move down the tube until only the top 5 cm of the 
sediment remained in the tube. This sediment layer was transferred 
into the sample pot and fixed in a solution of 10% formalin in 
filtered sea water.

Sediment samples were also taken from the N IOZ cores with a 
5.5-cm-diameter tube and frozen to a temperature of -20°C 
pending particle-size analysis. Sediment samples were collected at 
all sites in November 2000.
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Fig. 2 Location and dimensions of control site B and impact site A 
in the Western M ud Hole and Botney Cut

complication in differentiating between the two potential sources of 
change in the meiofauna assemblages, namely that numbers of 
species have declined as a direct effect of trawling and that there are 
spatial and/or tem poral differences in assemblage structure that 
occurred regardless of trawling impact. We addressed this problem 
by looking at differences in biomass, density and species richness 
between the control and impact site, rather than looking at abso­
lute values. This approach assumes that the temporal impacts, 
other than those due to trawling, that affect the impact and control 
sites have the same magnitude and act in unison.

Sample collection

M eiofauna samples were collected with an N IOZ corer, a device 
that takes a circular core of 0.1 m 2 to a depth of >30 cm. The 
surface of sediment samples collected with an N IOZ corer is rela­
tively undisturbed, and the corer retains a few centimetres of the

M eiofauna sample processing

M eiofauna samples were initially washed onto a 63-pm-mesh sieve 
to remove the fine silt fraction and the formalin. After decanting 
the samples five times onto a 63-pm-mesh sieve, the meiofauna was 
extracted with Ludox TM 40 with a specific gravity of 1.15 
(McIntyre and Warwick 1984; Somerfield and Warwick 1996). 
Extraction was repeated three times.

Ninety-one to 99% of meiofauna were nematodes. Owing to 
their high numbers, 20% subsamples of the extract were evapo­
rated slowly in anhydrous glycerol and evenly spread on micro­
scope slides for identification and counting of nematodes under a 
compound microscope (Olympus BX 51) with Nomarski interfer- 
ence-contrast illumination. Nematodes were identified to genus 
or species level following Platt and Warwick (1983, 1988) and 
Warwick et al. (1998).

Five percent of all nematodes in each sample were randomly 
selected for the calculation of total community biomass (wet 
weight) according to Andrassy’s (1954) formula. If  the nematodes 
had a long, filiform tail, the tail was not included in the measure­
ments: Wet weight = (Length x W idth2) /1,600,000, where wet 
weight is in micrograms and length and width are in micrometres.

D ata processing

Total nematode abundance, M argalefs species richness (d) and 
total nematode wet weight (hereafter referred to as “biomass” ) 
were calculated for each sample. The data were analysed using a 
two-way crossed analysis of variance (ANOVA) with the factors 
“Site” (control site B and impact site A) and “Time” (days before/ 
after experimental trawling). The significance of the interaction 
effect provides a test of experimental treatment effect. Following 
preliminary data exploration, biomass data were log-transformed 
to reduce heterogeneity of variance.

The power of the experimental design was also evaluated. Using 
the observed estimates of the residual variances, the power (i.e. the 
probability of obtaining a statistically significant response given an 
assumed size of experimental effect) was computed for each bio­
logical response (i.e. abundance, species richness, biomass) and

Table 1 Sampling frequency for meiofauna

Western M ud Hole Botney Cut

Date Time before/after trawling Date Time before/after trawling

30 October 1999 5 days before 27 November 1999 8 days before
4 November 1999 1 day after 5 December 1999 1 day after
5 December 1999 31 days after
2 May 2000 181 days after 2 May 2000 150 days after
29 November 2000 392 days after 23 November 2000 355 days after



location. The pattern of experimental effect is shown in Fig. 3. 
Relative to the control site, the biological response is assumed to 
decrease by p%  at the first sampling occasion 1 day after trawling 
and to have recovered in equal steps by the third/fourth occasion 
after the impact. A change of 50% in species richness and an order 
of magnitude in biomass were considered ecologically significant, 
since these were comparable with trawling-induced changes in 
macro-infaunal communities in a similar area of the N orth Sea. 
Power analyses were performed using the software package S-Plus 
(M athsoft International, Bagshot, Surrey, UK).

Non-metric multidimensional scaling (MDS) ordination using 
the Bray-Curtis similarity measure was applied to square-root- 
transformed species-abundance data following the procedure 
described by Clarke and Warwick (1994). One-way analysis of 
similarities (ANOSIM, Clarke 1993) was applied for each study 
location separately to assess the significance of differences in the 
composition of nematode assemblages between control and impact 
sites at different times of sampling. The nature of the community 
groupings identified in the MDS ordinations was explored further 
by applying the similarity percentages programme (SIMPER) to 
determine the contribution of individual species to the average 
dissimilarity between samples. All multivariate analyses were 
performed using the software package PR IM ER  (Clarke and 
Warwick 1994).

The most abundant nematode species, accounting for 50% of 
the total number of individuals, were identified, giving 16 and 9 
species at the Western M ud Hole and Botney Cut, respectively. A 
multivariate analysis of variance (MANOVA) was performed 
based on the proportions of these species using an arcsine[sqrt(.)] 
transformation to reduce heterogeneity of variance. As with the 
univariate ANOVA of abundance, species richness (d) and biomass 
(log), evidence of an experimental effect was assessed from the

Pre-impact

Control site 
Impact site

0 1 2  3 4
Sampling occasion

Fig. 3 The probability of obtaining a statistically significant result 
given an assumed size of experimental treatm ent effect

interaction between “Site” and “Time” . For the multivariate test 
there is a choice of test statistic, and here we used the Pillai Trace 
(Chatfield and Collins 1980).

Results

Biomass, density and species richness

Results from the two-way crossed ANOVA for abun­
dance, species richness (d) and total nematode biomass

Table 2 Results from two-way crossed ANOVA

Western M ud Hole
d f Sum of squares Mean square F  value P  value

Total abundance
Site 1 1,640,210 1,640,210 4.299 0.047*
Time 4 794,030 198,507 0.520 0.722
SitexTime 4 1,825,746 456,436 1.196 0.333
Residuals 30 11,447,305 381,577

Species richness (d)
Site 1 2.652 2.652 8.512 0.007*
Time 4 3.514 0.879 2.820 0.042*
SitexTime 4 0.166 0.042 0.134 0.969
Residuals 30 9.347 0.312

Total biomass
Site 1 0.000 0.000 0.000 0.995
Time 4 1.653 0.413 1.527 0.220
SitexTime 4 1.004 0.251 0.927 0.462
Residuals 30 7.850 0.271

Botney Cut
d f Sum of squares Mean square F  value P  value

Total abundance
Site 1 86,225 86,225 0.275 0.605
Time 3 5,654,816 1,884,939 6.020 0.003*
SitexTime 3 304,526 101,509 0.324 0.808
Residuals 24 7,514,335 313,097

Species richness (d)
Site 1 0.500 0.500 1.202 0.284
Time 3 7.747 2.582 6.208 0.003*
SitexTime 3 0.193 0.064 0.155 0.926
Residuals 24 9.984 0.416

Total biomass
Site 1 0.780 0.780 3.383 0.078
Time 3 4.634 1.545 6.697 0.002*
SitexTime 3 0.501 0.167 0.723 0.548
Residuals 24 5.535 0.231

* Significant difference at P <  0.05
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are presented in Table 2. Although there were significant 
differences between control and impact site and between 
different sampling occasions, there were no statistically 
significant interactions at a significance level of 5%. At 
the Western Mud Hole, differences in total nematode 
abundance and species richness were most pronounced 
1 month after the experimental trawling took place and 
decreased during the 1-year recovery period (Fig. 4a). At

Botney Cut, the maximum difference in total nematode 
biomass (log) between control and impact site was ob­
served immediately after the experimental disturbance 
(Fig. 4b).

Figure 5 shows for each experimental location and 
biological response the power of the experimental design 
corresponding to a hypothetical impact of p%  on the 
first sampling occasion 1 day after trawling disturbance.

Fig. 4a, b Means of total 
abundance, species richness (d) 
and total biomass (log) plotted 
against days after disturbance 
for the Western M ud Hole (a) 
and Botney Cut (b). Solid line 
Impact site, dotted line control 
site. Vertical lines correspond to 
95% confidence limits
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For reference, the 5% significance level (corresponding 
to an impact of 0%) is also shown. This indicates that 
potentially the most sensitive biological response was 
species richness. For abundance, the power rises to only 
approximately 10% for a relative impact of 50% im­
mediately after trawling and to approximately 25% for a 
change of an order of magnitude. The probability of 
detecting a 50% change in species richness was 44% and 
85% at Botney Cut and the Western Mud Hole, re­
spectively. For biomass, the power of detecting an order- 
of-magnitude change was 65% for both experimental 
locations.

Table 3 gives the post hoc power of the experimental 
design for each experimental location and biological 
response, i.e. the power of the experiment to find the 
observed patterns of interaction significant. This pro­
vides some indication of the sensitivity of each biological 
response -  i.e. observed signal-to-noise ratio measured 
by the size of the response seen in this study relative to its 
inherent variability. The post hoc power for all calcu­
lated indices is close or equal to the 5% significance level.

Despite the high power of the experimental design for 
species richness d, the post hoc power is low because the 
observed change in species richness after experimental 
trawling was low. Conversely, the low post hoc power 
for abundance and biomass is due to the high variability 
of abundance and biomass data with corresponding low 
power, and to the small observed effect.

Table 3 Post hoc power (%) of the experimental design to find 
observed patterns of interaction statistically significant with 
equivalent p%

Western M ud Hole
Post hoc power (%) Equivalent p%

Total abundance 5.9 25
Species richness (d) 5.0 0
Total biomass 5.3 21

Botney Cut
Post hoc power (%) Equivalent p%

Total abundance 5.0 0
Species richness (d) 5.0 0
Total biomass 6.2 34

Table 4 Western M ud Hole: dissimilarities (%) on different sam­
pling occasions before (-) and after ( + ) trawling, based on square- 
root-transformed species abundance data

Impact site
-5  days + 1 day + 31 days + 181 days

+ 1 day 33
+ 31 days 37 38*
+181 days 37* 40* 40*
+ 392 days 44* 46* 47* 45*

Control site
-5  days + 1 day + 31 days + 181 days

+ 1 day 31
+ 31 days 31 28
+181 days 40 40* 38*
+ 392 days 48* 48* 47* 50*

* Significant differences at P < 0 .0 5  based on ANOSIM  test

Nematode assemblage structure

The one-way ANOSIM for each site separately 
(Tables 4, 5) shows that differences in nematode as­
semblages collected at the impact site were more pro­
nounced than at the control site, with the highest 
dissimilarity between control and impact site occurring 
within the first 150 days after the experimental distur­
bance (Table 6). At both Western Mud Hole and Botney 
Cut, nematode assemblages became increasingly dis­
similar throughout the 1-year duration of the experiment 
(Tables 4, 5). This indicates that possible changes in 
community structure due to experimental trawling were 
smaller than medium-term temporal changes.

The MDS plots for the control and impact sites 
separately show the same general trends in community 
structure at the Western Mud Hole (Fig. 6a) and Botney 
Cut (Fig. 6b) locations. Samples collected within the 
first 181 days of the experiment form clusters at the left- 
hand side of the plot, whereas samples collected 1 year 
after the beginning of the experiment form a cluster at 
the right-hand side.

In agreement with the results from the two-way 
crossed ANOVA (Table 2), the plots indicate that sig­
nificant differences in nematode assemblage structure 
existed between different sampling occasions, whereas 
differences between control and impact site were less 
pronounced (i.e. the position of samples relative to each 
other in the plot is similar). At both experimental loca­
tions, assemblage structure appears to change in the 
same direction during the 12-month sampling period,

Table 5 Botney Cut: dissimilarities (%) on different sampling oc­
casions before (-) and after ( + ) trawling, based on square-root- 
transformed species abundance data

Im pact site

+ 1 day
-8 days 
38

+ 1 day +150 days

+150 days 36 46*
+ 355 days 38 47* 43*

Control site

+ 1 day
-8 days 
37

+ 1 day +150 days

+150 days 39 40
+ 355 days 42* 42* 42*

* Significant differences at P < 0 .0 5  based on ANOSIM  test

Table 6 Dissimilarities (%) between impact and control site on 
different sampling occasions before (-) and after ( + ) trawling, 
based on square-root-transformed species abundance data

Western M ud Hole Botney Cut

-5  days 35 -8  days 33
+ 1 day 32 + 1 day 37
+ 31 days 49*
+181 days 36 +150 days 38*
+ 392 days 36 + 355 days 33

* Significant differences at P < 0 .0 5  based on ANOSIM  test
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Fig. 6a, b Multi-dimensional scaling ordination based on square- 
root-transformed species abundance data, a Western M ud Hole, 
b Botney Cut. Numbers refer to days before (-) and after trawling

indicating that the same factors may have caused those 
changes in species composition.

From the results of the MANOVA, there is evidence 
that, although there were no statistically significant 
changes in overall abundance, species richness (d) or 
total biomass (log), there were changes in species com­
position. The results are given in Table 7. There was a 
significant interaction for the Western Mud Hole, but 
not for Botney Cut. The individual ANOVAs for the 
Western Mud Hole shows significant interaction terms 
for Microlaimus turgofrons and Metalinohomoeus 
filiformis (Fig. 7). Thirty-one days after the experimen­
tal impact, the abundance of M. turgofrons was con­
siderably lower, that of M. filiformis significantly higher, 
at the impact site than at the control site.
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Fig. 7 Microlaimus turgofrons and Metalinhomoeus filiformis. 
Back-transformed mean abundance at the Western M ud Hole 
with individually significant interaction effects revealed by M A ­
NOVA. Solid line impact site, dotted line control site. Vertical lines 
correspond to 95% confidence limits

Discussion and conclusions

The experiments at our two study locations showed 
that there were no short- to medium-term trawling 
impacts on meiofaunal diversity or biomass, but that 
there were mild effects on community structure at one 
location. Any impacts due to trawling were minor in 
relation to seasonal changes in the meiofaunal com­
munities.

Table 7 Results of MANOVA

Western M ud Hole
d f Pillai trace F  value d f  (number) d f  (density) P  value

Site 1 0.59174 1.3588 16 15 0.279
Time 4 3.29976 5.3014 64 72 0.000*
SitexTime 4 2.28473 1.4985 64 72 0.048*
Residuals 30

Botney Cut
d f Pillai trace F  value d f  (number) d f  (density) P  value

Site 1 0.26389 0.6373 9 16 0.750
Time 3 1.71387 2.6652 27 54 0.001*
SitexTime 3 0.95677 0.9365 27 54 0.563
Residuals 24

* Significant difference at P <  0.05
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Experimental design

The principle of a BACI design is that a disturbance at 
the impacted site will cause a different pattern of change 
from before to after it starts compared with natural 
change at the control location (Underwood 1992; Smith 
et al. 1993). BACI designs have been used in investiga­
tions of environmental impacts on the mean abundance 
of populations (Vose and Bell 1994; Chapman et al. 
1995; Currie and Parry 1996; Hogg and Williams 1996; 
Korman and Higgins 1997) and community data (Faith 
et al. 1991; Quigley and Haii 1999).

With the sampling intensity of our experiments, the 
power to detect specified changes in meiofaunal density 
was low because of the high variance of the data. 
Species richness (d) was the least variable parameter 
and thus potentially most effective in detecting changes 
due to experimental trawling. Therefore, the risk of 
conducting a type II error was high for changes in 
abundance (approximately 88%) but lower in the case 
of species richness (Western Mud Hole 15%, Botney 
Cut 56%) and total biomass (approximately 35%; see 
Fig. 3).

For a given sampling intensity, the power of such 
BACI experiments to detect specified changes in meio­
fauna assemblages could be increased by reducing the 
mean square of the residuals or by increasing the con­
tribution of the mean square of the SitexTime interac­
tion term (see Table 2). This could be achieved in several 
ways.

1. The relatively high variability of abundance and thus 
biomass data might have been partly due to small- 
scale variability of environmental factors at the 
sampling sites. This could be reduced by dividing 
each control and impact site into separate areas. 
Replicate samples are then collected from each area 
and pooled before being analysed. Such an approach, 
however, would require a (time-consuming and 
costly) survey of the study area prior to the experi­
ment.

2. Results from analyses of similarity indicate that 
possible changes in community structure caused by 
experimental trawling were smaller than those due to 
the natural variation in time. A higher number of 
sampling times before and after the impact would 
have decreased the amount of change required to 
produce a statistically significant impact, and thus 
increased the power of the test. Owing to the high 
cost of such offshore experiments, repeated sampling 
should be focused on times when the expected 
changes are at a maximum (i.e. immediately after the 
impact; see Fig. 3). An undirected increase in the 
number of sampling events might elevate the cost 
without solving the problem. Currie and Parry 
(1996), for example, conducted a BACI experiment at 
a site in south-east Australia, assessing changes to 
macrobenthic infauna caused by scallop dredging. 
Changes in macrobenthic community structure were

monitored on three occasions pre-dredging and six 
occasions post-dredging. The authors concluded that 
changes in community structure caused by dredging 
were smaller than those that occur between seasons 
and years.

Effects of experimental trawling on nematode 
abundance, biomass and assemblage structure

To date, most fishing-impact studies have focused on 
changes in abundance of large macrofauna, whereas 
smaller animals have been largely neglected. Results 
from fishing-impact studies on macrofauna show that 
the susceptibility of species is determined by their body 
size and turnover rate rather than their taxonomic af­
filiation, with large, slowly reproducing species being 
more susceptible than their smaller, faster reproducing 
competitors (Kaiser et al. 2000; Jennings et al. 2001).

Since the meiofauna are among the smallest animals 
in benthic communities and have very fast turnover 
times, they may be expected to show little or no response 
to trawling, an expectation not invalidated by our ex­
periments. Owing to the high dominance of nematodes, 
meiofauna in our study included only one taxon where 
the average individual biomass ranged from 0.44 to 
3.56 |ig. The macrofauna studies mentioned above, 
however, included many more taxa and a much wider 
range of size classes (six orders of magnitude). There­
fore, we tried to assess an impact of trawling within a 
size class rather than over a range of classes. While the 
term “meiofauna” was first used by Mare (1942) to de­
fine an assemblage of mobile invertebrates distinguished 
from macrofauna by their smaller size, the significance 
of what began as a subjective size-range of benthic in­
vertebrates has since been supported by a number of 
studies which infer that meiofauna constitutes a discrete, 
ecologically defined benthic component (e.g. Higgins 
and Thiel 1988; Giere 1993). As a result of their high 
abundance, ubiquitous distribution, rapid generation 
times and fast metabolic rates, this defined component 
may continue to play a key role in energy cycling within 
trawled areas.

The effects of trawling include the scraping, scouring 
and resuspension of the surface sediment, and the 
magnitude of the impact is determined by the speed of 
towing, physical dimensions and weight of the gear, type 
of substratum and strength of currents or tides in the 
area fished (Groot 1984; Jennings and Kaiser 1998; 
Gubbay and Knapman 1999; Lindeboom and Groot 
1999; Hansson et al. 2000). As a result, trawling could 
directly affect the mortality of meiofauna or have indi­
rect effects on their habitat. There was little evidence for 
high levels of direct mortality, since nematodes in all 
samples were of good condition and different develop­
mental stages (juveniles, adult females and males of 
different sizes) were recorded, indicating that reproduc­
tion and growth of most species occurred and appeared
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to have remained relatively unaffected by the experi­
mental treatment. The high turnover rate and relatively 
short life spans of most nematode species may have 
compensated any possible short-term effects and were 
not notable several months after the impact. This is 
consistent with results obtained by Pranovi et al. (2000) 
who showed that experimental trawling induced a 
change in the meiobenthic community structure (at the 
taxon level) which was most obvious 1 week after the 
impact.

Several experiments indicate that trawling has no 
significant impact on the particle-size distribution of 
sediments (Tuck et al. 1998; Pranovi et al. 2000). How­
ever, trawling can reduce the surface roughness of a 
sandy seabed immediately after the impact (Schwingh­
amer et al. 1996) and lead to the smoothing of ripples, 
detrital aggregations and surface traces of bioturbation 
as resuspended sediments settle on the seabed. The ab­
sence of general patterns in susceptibility of nematode 
species to experimental trawling in our study is not 
surprising when the possible mechanisms contributing to 
mortality are considered. A number of species were 
probably affected by increased turbidity, high rates of 
sedimentation or were buried when depressions in the 
sediment were filled.

Univariate data analyses failed to detect changes in 
abundance, diversity and biomass in nematode assem­
blages. This suggests that the assemblages at the impact 
sites reached an organised structure similar to that of the 
control sites. The multivariate species-dependent MDS 
ordination was more sensitive in discriminating the 
assemblages collected at the trawled and control site at 
the Western Mud Hole, suggesting that the dominance 
relationships among species had changed at the trawled 
site compared to the undisturbed control site (Colangelo 
et al. 1996).

Thirty-one days after the experimental impact took 
place at the Western Mud Hole, the abundance of the 
microlaimid Microlaimus turgofrons was significantly 
lower at the impact site than at the control site. This 
negative response of M. turgofrons might have been 
determined by its low ability to migrate upwards when 
buried, a characteristic that has been described for other 
microlaimids (Schratzberger et al. 2000a). The abun­
dance of Metalinhomoeus filiformis, however, was sig­
nificantly higher at the impact site than at the control 
site 1 month after the trawling. A similar, though not 
statistically significant, response was evident for Saba­
tieria punctata at Botney Cut, a species that often per­
sists under conditions normally restrictive for other 
nematodes (Tietjen 1980; Somerfield et al. 1995; 
Schratzberger et al. 2000b).

We have suggested that meiofauna suffer low direct 
mortality due to trawling disturbance because they are 
resuspended rather than crushed by the trawl. This 
would be consistent with the effects of trawl doors on the 
smallest bivalves (Gilkinson et al. 1998). Results from 
multivariate analyses might point to indirect effects of 
disturbance on nematode species mediated through re­

working and disturbance of the sediment being more 
important than direct effects of experimental trawling.

Short-term experiments on small scales offer a num­
ber of advantages when attempting to identify the acute 
effects of trawling, but the acute impact does not reflect 
the chronic disturbance caused by trawls in real fisheries 
(Collie et al. 1997; Thrush et al. 1998; Kaiser et al. 2000). 
Recovery from disturbance in small experimental areas 
may be a result of immigration, a form of recovery that 
may not be possible in large and repeatedly trawled ar­
eas. To describe the effects of trawling at the level of the 
fishery, it is necessary to study real fisheries where dis­
turbance occurs on large scales over long time periods. 
The next step is to assess the resilience of meiobenthic 
communities at this scale, although considerable repli­
cation is likely to be needed to gain sufficient power to 
detect any statistically significant effects.
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