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ABSTRACT: Hypotheses about effects of shrimp-trawiing on large benthic macrofauna were tested in 
a manipulative experiment in Gullmarsfjorden, Sweden. The experiment lasted 1.5 yr and included 
3 trawl sites and 3 control sites, each of which was sampled at 4 tirnes before and 4 tunes after trawiing 
was comrnenced (a total of 480 samples). Gear and intensities were chosen to approxjmate those before 
trawling was prohibited 6 yr before the experiment. The overaü trend was that biomass and abun- 
dances of animals decreased as a consequence of trawling but few taxa differed significantly among 
treatments. The meanabundance of echinoderms, in particular the brittlestars Amphiura sp., de- 
creased significantly and substantiaily after 7 to 12 mo of trawling. In general, however, changes in 
abundances of animals from one time of sampling to another, and from before to after trawling started, 
differed among sites. General models based on size and feeding strategy did not accurately predict 
differences among taxa in sensitivity to disturbances. Differences in overaii impacts between this and 
previous experiments are discussed in terms of fishing intensiv, natural variability and experimental 
design. 
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INTRODUCTION 

Estimates of intensity and spatial distnbution of fish- 
ing effort in different parts of the world suggest that 
some areas of the seabed are swept several tirnes each 
year by mobile fishing gear (e.g. Lindeboom 1995, 
Kaiser et al. 1996). Surveys using optic and sonar tech- 
niques have shown that these activities can cause sen- 
ous mechanical disturbance to marine sediments (e.g. 
Brylinsky et al. 1994, Kaiser & Spencer 1996, Kaiser 
et al. 1996, Schwinghamer et al. 1998). Consequently, 
trawling may cause direct mortality to benthic infauna, 
as well as persistent modification of the structure and 
topography of these habitats. 

It is difficult to make general predictions about the 
types of impacts trawling and dredging may have on 
benthic fauna because gear, intensity of fishing, inten- 

sity of natural disturbances and composition of assem- 
blages differ among studies (Jones 1992, Hall 1994, 
Auster 1998, Kaiser 1998). Nevertheless, it is predicted 
that trawling, in the long term, wiil lead to degradation 
and decreased diversity of benthic habitats and organ- 
isms (Jones 1992, Auster et,al. 1996, Gray 1997, Jen- 
nings & Kaiser 1998). It is also suggested that effects of 
trawling vary among taxonomic groups and among 
animals with different life-history characteristics. 
Densities of large, long-lived animals living near the 
sediment surface, such as bivalves, echinoids and 
anemones, are predicted to decrease. Small, fast- 
growing, regenerating and mobile animals such as 
polychaetes, crustaceans and ophiunds are expected 
to become more dominant (e.g. De Groot 1984, Rumohr 
& Krost 1991, Hall 1994, Kaiser 1998, Thrush et al. 
1998). 

These predictions have been tested in a number 
of mensurative experiments (e.g. Collie et al. 1997, 
Thrush et al. 1998, Hill et al. 1999) and in experiments 
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where the intensity of trawling or dredging has been 
controlled (e.g. Bergman & Hup 1992, Thrush et al. 
1995, Currie & Parry 1996, Kaiser & Spencer 1996, 
Kaiser et al. 1996, 1998, Tuck et al. 1998). While mod- 
els ,about overall effects and relative sensitivity to 
trawling among different types of animals appear com- 
peliing, empirical tests have produced results that are 
sometimes ambiguous and inconsistent among studies. 
For example, the number of species in trawled areas 
has appeared to increase (Tuck et al. 1998) and predic- 
tions about qualitative differences in impacts among 
animals with different feeding types and depths of 
occurrence in the sediment have failed (Currie & Parry 
1996). Furthermore, impacts of trawling or dredging 
typically differ among places (Thrush et al. 1995, Kaiser 
& Spencer 1996). This indicates that the effects of 

-mobile iishng gear may vary in complex ways; to 
understand the causes of this complexity, it is neces- 
sary that experiments which account for natural spatial 
and temporal variability at various scales are designed 
(Jones 1992, Thrush et al. 1998, Lindegarth et al. 2000). 

Our experiment was designed to test hypotheses 
about effects of trawiing on assemblages of macro- 
fauna in Guilmarsfjorden, Sweden. This fjord has sup- 
ported a minor fishery for the shrimp Pandalus bore- 
aLis (Kröyer) since 1902 (Andersson 1964). In January 
1990 trawiing was banned in the area to protect the 
fjord as an important reference area for scientific pur- 
poses and to protect spawning areas for fish stocks. 
Restrictions were, however, only temporary, and in 
1995 it was decided that a large-scale experiment 
should be done to evaluate the consequences for ben- 
thic fauna if trawiing were reintroduced into the fjord 
using the Same gear and intensity as that used prior to 
1990. In this Paper, we test 2 general hypotheses of 
how trawling may affect benthic macrofauna. Firstly, 
we test the hypothesis that if we trawl repeatedly in 
some areas for 7 to 12 mo, abundances of animals in 
these areas wili change differently relative to those in 
areas that are not trawled. Because effects of trawling 
may be cumuiative or may vary among times for other 
reasons, we also test the hypothesis that effects on 
fauna differ among individual sampling times during 
trawling. 

MATERIALS AND METHODS 

Study area. The experiment was done during 
1996-1997 in Gullmarsfjorden on the west coast of 
Sweden (Fig. 1). This fjord is approximately 35 km long 
with a maximum depth of 120 m. The basin of Gull- 
marsfjorden is separated from the deeper parts of the 
Skagerrak by a sill at approximately 50 m depth. At 
depths below 50 m the salinity (34 %o) and temperature 

Fig. 1. Map of Gullmarsfjorden, Sweden, and the 6 experi- 
mental areas. Trawl track is marked with a line. Depth inter- 
vals: Cl, 89-96 m; C2, 80-90 m; C3, 73-79 m; Tl, 79-90 m; 

T2,88-93 m and T3,76-81 m 

(4 to 6°C) of the water is usually stable, (Svansson 
1984). The stagnant bottom water is normally renewed 
annually and oxygenated each spring. 

Six sites in Gullmarsfjorden were selected for the 
experiment. This was the maximal number fitting in 
the area relevant for shrimp fishery. Each site was 
defined as a transect (1.5 km long) within the inner 
Part of the fjord (Fig. 1). The depth at the sites gradu- 
aliy decreased from south to north of the fjord from 
approximately 90 to 75 m. The bottom Substrate for ali 
sites was pure clay (Höglund 1947). Three of these 
sites (Tl, T2 and T3) were trawled in the experiment 
whilst the others (Cl ,  C2 and C3) remained untrawled 
throughout (Fig. 1). 

Benthic grab-samples. Samples of benthic macro- 
fauna were collected using a modified Smith-McIntyre 
grab (0.1 m2, 70 kg). The speed of the grab was approx- 
imately 0.5 m s-' before closing. Each grab-sample was 
gently sieved on board through a 1 rnrn mesh sieve and 
the animals retrieved were preserved in 4 % buffered 
formaldehyde in seawater. Macrofauna were sieved in 
the laboratory through 4 rnrn mesh, and fauna larger 
than 4 mm were sorted, identified to the lowest practi- 
cal taxonomic level (usualiy species), counted, weighed 
(wet weight) and preserved in 80% ethanol. The use 
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of this relatively coarse mesh-size allowed for a larger 
nurnber of replicates to be sampled and sorted within 
the available resources. Furthermore, large animals 
are most likely to be directly damaged by trawling. For 
analyses, taxa were grouped according to phyla and 
intermediate taxonomic levels according to Hansson 
(1997). Benthic samples were collected at 4 times for 
each site from Juiy to November 1996. Experimental 
trawiing started in December 1996 and continued for 
1 yr. Samples were again collected at 4 times during 
Juiy to November 1997. At each time of sampling, 10 
grab-samples were taken from randomly chosen loca- 
tions at each site (resuiting in a total of 480 samples). 
Dates for sampling were selected at random, indepen- 
dent of trawling. 

Experimental trawling. The intensity of experimen- 
tal trawiing was set at a level that approximated trawl- 
ing pressure before the trawl ban. InteMews with 
local fishermen suggested that 80 hauls per site and 
year was an appropriate trawiing intensiv. In practice 
this meant 2 hauls (1 landward and 1 seaward) once a 
week except during January to February 1997, when 
ice prevented trawling. 

The design of the trawl used was consistent with reg- 
ulations before trawling was banned (Fig. 2). The net 
was mainly constructed of 38 rnm stretched meshes 
(20 mm bar length), although the square and wings 
were made of a larger mesh (70 mm stretched). The 
length of the head rope was 10 m. The ground rope 
was 14 m with about 20 kg of lead distributed along 
it. Otterboards were 140 X 90 cm and each weighed 
125 kg. Trawiing was done by a chartered commercial 
stern trawler, which was used for trawling in Gull- 
marsfjorden prior to the ban. The length of the vessel 
was 13 m and its engine power 240 hp. Trawling was 
done at speeds of 1.5 to 2 knots. 

The ship was positioned using a differential global 
positioning system (dGPS) and trawled with an accu- 
racy of 12.5 m, along the same trawl track each time. 
Due to the great depth (75 to 90 m), slope of the bottom 
and the fact that the length of the trawl wire was 
300 m, it was not possible to control exactly the posi- 
tion of each haul. Therefore it was also difficult to esti- 
mate the precise width of the trawled experimental 
sites and the average number of times that the trawl 
passed over any particular area. As a conservative esti- 
mate we can assume that 100 m was the maximal dis- 
tance among hauls perpendicular to the direction of 
trawling. With a distance between otterboards of 30 m, 
any given area within a trawled site would have been 
passed over by the trawl an average 24 times during 
the experiment. 

Tests of hypotheses. Hypotheses about effects of 
trawiing on different taxonomic groups were tested 
with analysis of variance (ANOVA). The linear model 

- 3 0 m  - Wire 
- - - - - - - - -- 

+ Otterboard (125 kg, 140x90 cm) 
+ Backstrop ( 0  22 mm combi rope) 

I1 Sweep ( 0  18 mm combi rope) 

Adjustment chain (8 kg) 
4- Sphencal bobbin (200 mm) 

Bndles (2 X 0 15 mm / combi mpe) 

Headrope (1 0 m) 
Groundrope (14 m) 

I 
Trawl 1 

I combi r o ~ e  PE-rooe lead rinn I 

Fig. 2. Trawl rigging with bridles, bobbin, chain, sweep and 
backstrop. Ground rope constructed of 22 rnm combi rope 
attached to the net and a 40 mrn polyethylene (PE) rope at- 
tached with slack (in 50 cm bights) to the combi rope. Three 
lead rings, each weighing 250 g ,  were mounted to each bight 

for this experiment included 4 factors: 'Before versus 
After' (B/A; fixed); 'Trawled versus Controls' (Tr [Treat- 
ment]; fixed); 'Sites' (Si random and nested within Tr) 
and 'Times' (Ti; random and nested within B/A). 
Effects of trawling can be detected by testing the inter- 
actions 'B/A X Tr' and 'Tr X Ti(B/A)'. The effect of the 
interaction 'B/A X Tr' can be estimated only if the vari- 
ability due to either one, or both of the interactions 
'B/A X S(Tr)' and 'Tr X Ti(B/A)' can be shown to be very 
smaii (by convention if p > 0.25; Winer et al. 1991, 
Underwood 1997). Post hoc-elimination and -pooling 
procedures were therefore applied wherever appropri- 
ate. Student-Newman-Keuls (SNK) muitiple-compari- 
son tests were used to elucidate patterns of significant 
differences among sites and among times. 

At each time of sampling, either trawled or control 
sites were sampled. This design is not ideal because it 
can confound tests of hypotheses about short-term dif- 
ferences among treatments ('Tr X Ti[B/AI1). To cope 
with these problems, sampling dates were grouped 
into 4 times before and 4 times after trawiing started. 
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Thus, each time included 1 date of sampling for 'con- 
trols and 1 for trawled sites (on average 15 d apart). A 
necessary cnterion for logical interpretation of effects 
of trawling at individual sampling times, e.g.'a signifil 
Cant Tr X Ti(B/A), is that differences between treat- 
ments did not occurbefore trawling was initiated. Dif- 
ferences in abundance of 1 taxon between trawled and 
control areas at times before trawling started indicate 
that differences may be caused by the fact that the 
2 types of sites were sampled at different dates. This 
will, however, not affect tests of B/A X Tr because sam- 
ples at both types of sites were taken at several ran- 
domly interspersed times before and after trawling. 

All analyses were done using loglo(x+ 1) transformed 
data. This ensures that effects are measured as rela- 
tive, rather than absolute, differences among expen- 
iliei$al treatilients (e.y. iiurlberi & LViite i393). in 
general, this transformation also has the' effect of 
reducing heterogeneity of variances (e.g. Underwood 
199?). 

RESULTS 

General observations 

A total of 122 species of benthic macro-fauna were 
identified, whilst an additional 5 were identified to 
genus and 8 to farnily levels. The polychaetes was the 
most diverse group (83 taxa) followed by crustaceans 
(17 taxa) and-molluscs and echinoderms (13 taxa each). 
Approxirnately 80% of the total number of individuals 
were polychaetes, the most abundant of which was the 
spionid Spiophanes kroeyeri (30%) followed by the 
ampharetid Melinna cristata (13%) and the capiteliid 
Heteromastus fiiiformis (6 %). The bivalves Abra nitida 
and Thyasira sp. were the most abundant molluscs. 
Molluscs represented. 13% of the total number of 
individuals, and echinoderms 7%. The most abundant 
echinoderms were the ophiunds Amphiura fiiiformis 
and A. chiajei and the echinoid Echinocardium flaves- 
cens. The amphipod Eriopsa elongata was the only 
crustacean species among the 20 overall most abun- 
dant species. 

Many species occurred in small nurnbers and hy- 
potheses about effects of trawling could therefore not 
be tested for these taxa individually. Overall, 70% of 
the species were found at lower abundances in 1997 
compared to the year before. For 61 % of the species, 
abundances tended to be negatively affected by 
trawling, i.e. abundances had decreased more or in- 
creased less in trawled sites compared to in control 
sites (Table 1). This suggests a negative trend in a 
larger proportion of species than what is expected by 
chance, i.e. 50% (binomial test; Ho: number of species 

Table 1. Percent of species showing a negative trend (i.e. de- 
creasing more or increasing less from before to after trawling) 
at trawled sites compared to at control sites. Probabilities 
were tested using a binomial (sign) test. Pair-wise compar- 
isons between individual sites are made to evaluate spatial 

consistency of Patterns 

Comparison No. of species % negative p 

Trawled vs Controls i35 6 1 <0.001 
T1 vs C1 98 57 < 0.05 
T1 vs C2 96 60 <0.01 
T1 vs C3 104 6 1 <0.01 
T2 vs C1 106 6 1 <0.01 
T2 vs C2 99 70 <0.001 
T2 vs C3 107 6 1 <0.01 
T3 vs C1 93 49 <0.1 
T3 vs C2 93 52 <0.1 
T3 vs C3 95 59 <0.01 

with negative trends at trawled sites = number of spe- 
cies with positive trends at trawled sites). This pattern 
was, however, not consistent among sites (Table 1). 

Total number and biomass 

Total number or biomass of individuals decreased dur- 
ing the experiment, but no significant effects could be .  
attnbuted to experimental trawling (Table 2). The total 
abundance of individuals decreased significantly in 2 
trawled sites and 1 control site, whilst biomass decreased 
at all trawled sites and 1 control site (Fig. 3). The abun- 
dance and biomass of individuals at trawled sites was 
reduced from before to after trawling started by 25 and 
60 %, respectively. The corresponding changes in control 
sites were 6 and 32 %. 

There were also significant differences in total 
abundance and biomass among sampling tirnes 
within individual sites, but at no time were there any 
significant spatially consistent differences between 
trawled and control sites (Table 2). The largest differ- 
ences between trawled and control sites after the 
Start of trawling was observed in the last sampling 
time when means for total abundance and biomass 
were 30 and 7 % smaller respectively in trawled sites. 
Although these differences were not statistically sig- 
nificant, they were qualitatively consistent with a priori 
hypotheses. 

Abundance of phyla. Each of the most abundant 
phyla showed a unique pattern of spatial and temporal 
variability, indicating that they responded differently 
to experimental trawling (Table 3). The total number 
of echinoderms was significantly reduced by trawling 
(Table 3). The number of echinoderms decreased con- 
sistently in the trawled sites, but there was no change 
at any of the control sites (Table 3, Fig. 4). The signifi- 
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Table 2. ANOVA and SNK-tests on log(tota1 number of individuals) and log(total biomass). Nurnbers in 'Error' colurnns refer to 
numbers in Column 1. 'p  < 0.05, ns: not significant 

No. Source Level df Total no. Total biomass 
MS p Error MS P Error 

(1) Before versus After (=B/A) a = 2 1 0.731 - 4.674 <O.OO 
(2) Trawled versus Controls (=Tr) b = 2 1 0.535 - 0.016 >0.90 

(4) 

(3) Sites (=S(Tr)) C = 3 4 0.541 <O.OO (8) 
(3) 

0.978 <O.OO 
d = 4  

(8) 
(4) Times (=Ti(B/A)) 6 0.169 <0.01 (8) 0.149 >0.08 (8) 
(5) B/A X Tr 1 0.284 >0.35 (6) 0.159 >0.14 (8)+(7)+(6) 
(6) B/A X S(Tr) 4 0.261 <O.OO (8)+(7) 0.087 >0.31 (8) 
(7) TrxTi(B/A) 6 0.071 >0.25 (8) 0.066 >0.48 (8) 
(8) S(Tr) X Ti(B/A) 24 0.050 <0.03 (9) 0.069 <0.04 (9) 
(9) Residual 432 0.031 0.044 

Cochran's test 0.162' 0.06 ns 

SNK B/A X S(Tr) 

C l : A < B  T l : A < B  
C2 :A=B T2:A<B 
C3 :A=B T 3 : A = B  

SE = 0.0368 

Cant decrease in the number of echinodeirms was 
mainly caused by a decrease in the number of bnttle- 
Stars (order Ophiuridea; Table 4) and in particular the 

0 4  a 

0 100 200 300 400 500 

Days 

Fig. 3. Average totals for (a) the number of individuals and 
(b) biomass per 0.1 m2 per site and per sampiing time (n = 10). 
Solid symbols and solid lines represent trawled sites while 
empty symbols and dashed iines are control sites. Squares 
represent the western sites (T1 and Cl ) ,  diamonds represent 
the middle sites (T2 and C2) and circles represent the eastern 
sites (T3 and C3). Lines are drawn between means of samples 

before and after for each site 

species Amphiura chiajei. The number of brittlestars 
decreased on average by 31 % at trawled sites, but as 
per total echinoderms, the number of bnttlestars did 
not change at control sites. Because of significant short- 
term vanability, the average number of sea urchins 
(order Echinodea, predominantly Echinocardiurn flaves- 
cens and Brissopsis lyrifera) could not be tested for 
persistent effects of trawling (Table 4). There were, 
however, differences in abundance among trawled 
and control sites at individual tirnes (Table 4). Because 
differences occurred at 1 time before and 1 time after 
the start of trawling, this result can, however, not be 
unambiguously interpreted as an effect of trawling. It 
may reflect the fact that, within each sampling time, 
trawled and control sites were not sampled simultane- 
ously. 

Although it was not possible to do an overail test of 
changes from before to after trawling, the total number 
of polychaetes did not appear to be significantly af- 
fected by trawling (Fig. 4). The number of polychaetes 
within individual sites decreased significantly from 
before to after trawling at 2 trawled sites and at 1 con- 
trol site (Table 3). This means that the decrease at 1 
control site was larger than at 1 (at least) trawled site 
and thus there can be no consistent difference be- 
tween the 2 treatments (Fig. 4). 

Despite the overall trend of decreasing numbers 
of polychaetes during the expenment, abundances of 
several farnilies increased (Table 4). Trends of in- 
creasing abundances were found for ampharetids, 
scalibregmatids, maldanids, sabellids, hesionids and 
cirratulids, while abundances of spionids, capiteiiids, 
tnchobranchids, orbinids, terebellids and nephtyids 
decreased during the expenment. Changes in abun- 
dances were usuaily qualitatively consistent between 
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Table 3. ANOVA and SNK-tests of loglo(l + abundance) of the major phyla found during the experiment. Long-term effects 
detected by the interaction B/A X Tr and short-term effects by Tr xTi(B/A). 'p < 0.05, "p < 0.001, "'p < 0.001. nt: no test availble 

for hypothesis. All other error terms are identical to the error terms specified in Table 1 

No. 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

Source 

B/A 
Tr 
S(Tr) 
Ti(B/A) 
B/A X Tr 
B/A X S(Tr) 
Tr X Ti(B/A) 
S(Tr) X Ti(B/A) 
Residual 

Poly chaetes 
MS P 

1.903 nt 
0.403 nt 
1.025 <0.000"* 
0.124 >0.074- 
0.225 nt 
0.373 <0.001" 
0.122 >0.079 
1.055 >0.109 
0.040 

Echinoderms 
MS P 

2.633 <0.001 " ' C  

0.969 >0.822b 
16.765 <0.000"* 
0.069 >0.611 
0.481 <0.020*a 
0.016 >0.950 
0.077 >OS55 
0.092 >0.167 
0.071 

Moiiuscs 
MS P 

10.222 <0.006*'C 
4.286 <0.007"~ 
0,165 >0.411 
0.612 <0.008" 
0.000 >0.970e 
0.272 >0.181d 
0.075 >0.822 
0.159 <0.002 " 
0.074 

Crustaceans 
MS P 

0.148 nt 
0.012 nt 
2.333 <0.000"* 
0.259 >0.223 
0.030 nt 
0.261 >0.233 
0.279 >0.189 
0.174 <0.000"' 
0.064 

Cochran's test 0.097' 0.048 0.070' 0.042 

Error terms after elvnination and pooling: "(8)+(7)+(6); b(3); '(4); d(8)+(7); e(6) 

treatments (Table 4) .  Only for the owenids did patterns mately 50% of the polychaete families (Table 4) .  Fur- 
of temporal change differ qualitatively among control thermore, abundances differed consistently between 
and trawled sites (Table 4 ) .  The change in abundance, trawled and control sites at several tirnes of sampiing 
from before to after trawling started, differed signifi- for capiteliids (mainly Heteromastus filiformis) and 
cantly among sites within treatments for approxi- owenids (mainly Myriochele oculata) (Table 4 ) .  As for 

0 4  , 1 

0 100 200 300 400 500 
Days 

o Fig. 4. Number of (a) echinoderms (using a loganthmic scale), 
0 100 200 300 400 1 0 0  (b) polychaetes and (C) moiiuscs per 0.1 m2. Symbols and Enes 

Days are as in Fig. 2 
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Table 4 .  Summary for tests of hypotheses of spatial and temporal dynarnics for 
groups of annelids, echinoderms, moiluscs and crustaceans. Level of sig- 

DISCUSSION 

nificance shown for tests of hypotheses of effects of trawling. AU analyses are Although taxa in general appeared to 
done on loglo(x+l) transformed original data. 'p < 0.05, "p < 0.01, "'p < 0.001. 

nt: no test available. ns: not sianificant at 0.05 level be negatively affected, few individual 

Annelid family 
Spionidae 46 -18 -34 >0.6Ta 
Ampharetidae 26 6 9 >0.80a 
Capiteliidae 11 -71 -62 > 0 . 9 3 ~  
Scalibregmatidae 1.5 168 109 >0.75a 
Trichobranchidae 3.6 -35 -31 >0.77" 
Oweniidae 2.4 127 -43 nt 
Maldanidae 1.1 114 23 >0.24e 
Sabellidae 0.4 740 308 >0.23" 
Hesionidae 0.8 55 23 >0.41e 
Orbinidae 1.1 -23 -24 >0.9Za 
Terebeliidae 1.2 -28 -62 >0.78a 
Cirratuiidae 0.7 25 29 >0.78a 
Nephtyidae 0.9 -48 -43 > 0 . 8 4 ~  

Echinoderm order 
Echinoidea 2.6 -53 -57 nt 
Ophiuriea 6.9 2 -31 <0.048e 
Mollusc family 
Nuculidae 2.6 84 153 >0.30e 
Tellinidae 3.5 124 203 >0.65a 
Thyasiridae 2.6 137 239 >0.7Ta 

Crustacean suborder 
Amphipoda 1.4 47 60 >0.87a 

Error terms: a(6); b(7); '(8); d(8)+(9); e(6)+(7)+(8) 

., 
variables were consistently and signifi- 

general, and more specifically the 
abundance of ophiurids, were signifi- 
cantly affected by trawiing. Abun- 
dances of ophiurids decreased by an 
average of 30% at trawled sites whilst 
abundances at control sites did not 
change. Differences in abundance be- 
tween trawled and control sites were 
also observed for individual sampiing 
times for echinoids and for capitellid 
and owenid polychaetes. Because 
abundances of these taxa differed be- 
tween treatrnents at individual times 
of sampiing before trawling started, 
these differences can not be unambigu- 
ously attributed to trawling. 

The observation that there were 
negative effects of trawling on echino- 
derms is in general agreement with 
previous predictions (e.g. De Groot 
1984, Bergman & Hup 1992, Thrush et 
al. 1998). It is, however, more surpris- 

Taxon Pre-trawling % change B/A' B/A' Tr' S(Tr)' 
mean C T Tr S(Tr) Ti(B/A) Ti(B/A) 

ing that the effects on echinoderms 

cantly affected by trawling. Never- 
theless, abundance of echinoderms in 

echinoids, however, differences between trawled and could mainly be explained by effects on ophiuroids. 
control sites were as common before as after experi- Ophiuroids have been suggested to be resistant to, or 
mental trawling started. Thus, again these differences even favoured by, trawling because of their capacity to 
cannot be unambiguously interpreted as effects of regenerate lost body parts and because of decreased 
trawling. predation by fish ( ~ & t h  Sea Task Force 1993, Lindley 

The total abundance of molluscs increased signifi- et al. 1995, Kaiser & Spe'ncer 1996, Tuck et al. 1998). 
cantly during the Course of the experiment at all con- The observed decrease (57 %) in densities of echinoids 
trol sites and at 1 trawled site (Table 3, Fig. 4) .  There at trawled sites was more consistent with predictions. 
were, however, no differences between trawled and The decreased densities observed at untrawled sites 
control sites in either temporal change from before to (53 %), however, indicate that the mortality caused by 
after trawling or in average abundances at single trawling did not contribute significantly to the total 
times. The total number of molluscs was largely made mortality and that it was small compared to mortality 
up of 3 farnilies of bivalves, Tellinidae (mainly Abra due to other causes. It is possible that the large effect 
nitida, Thyasiridae and Nuculidae (mainly Nucula on ophiuroids may be partly explained by particular 
tenuis). These types of bivalves tended to increase in behavioural responses to oxygen stress. Individuals of 
abundance from before to after trawling started, but as Amphiura sp. move from its protection in the sedirnent 
for the total abundance of molluscs, there were no sig- to a more exposed position on the surface as a response 
nificant differences between experimental treatments to sub-lethal hypoxia (Rosenberg et al. 1991). Such 
(Table 4) .  behaviour may have been induced by the absence of 

Finally, crustaceans, mainly the amphipod Eriopsa water renewal in the deep parts of the fjord in 1997. 
elongata, did not show any effects of trawling (Table 3) .  Oxygen saturation did not get below 10%, which is 
In general, the abundance of amphipods, and thus the critical level for survival for the large majority of 
crustaceans as a whole, varied strongly among times benthic fauna in this area (Nilsson & Rosenberg 1994). 
of sampling but there were no differences in temporal It is generally predicted that physical disturbance 
variability arnong trawled and control sites. will lead to a decrease in species with a large body 
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0 4 experiments have applied infense short- 
0 5 10 15 20 

small large term disturbances and exarnined their 
effects hours or days after the disturbance 

Rank of mean body-weight (e.g. Bergman & Hup 1992, Kaiser & 

size, while small, opportunistic species will become feeders (90 % of the individuals). These showed quali- 
relatively more dominant. To investigate this, we cal- tatively mixed,responses to trawling (Table 4). Inter- 
culated a n d  ranked the mean body weights (as an estingly, the*'.only group of suspension feeders, the 
index of size) and effect sizes for the most abundant sabeilids, appeared to be the taxa most negatively 
taxa (Table 4). The size of effects was calculated as affected. Responses in groups containing predatory 
difference in percent change between trawled and species (Hesionidae and Nephtyidae) did not deviate . 
control sites. A low rank, i.e. a large negative effect of in any obvious way from groups with different feeding 
trawling in comparison to other taxa, can result from a strategies (Fig. 5). Furthermore, this analysis does not 
decrease in trawled sites (e.g. Terebellidae) or an appear to Support the hypothesis that the ratio be- 
increase which is smaller than at control sites (e.g. tween molluscs and polychaetes will decrease as con- 
Sabeilidae). We predicted that, i f  body size had a large sequence of trawling (e.g. Thrush et al. 1998). If any- 
influence on the size of effects, there would be a nega- thing, the molluscs were among the taxa least likely to 
tive relationship between the ranks of body size and have been negatively affected by trawling in this study 
the effects of trawling. Within the observed range of (Fig. 5). In Summary, the observed differences among 
body weights, there was, however, no clear relation- groups of echinoderms and among groups of different 
ship (Fig. 5). Although, weights ranged over alrnost 3 body size and feeding type illustrate the difficulties in 
orders of magnitude (0.007 to 3.7 g), these results need predicting relative sensitivity to trawling among types - 

to be interpreted with caution, as the smallest compo- of organisms. 
nents of macrofauna were not included in this study. These results differ from results of most other manip- 

This analysis of size of effects does not account for ulative experiments on the effects of trawling and 
any small-scale spatial or temporal variability. Such dredging, in the.sense that fewer taxa appear to be 
variability must be incorporated to evaluate if a certain significantly affected by trawling (e.g. Bergman & Hup 
group was significantly affected by trawling. There- 1992, Thrush et al. 1995, Currie & Parry 1996, Kaiser 
fore, the significant effect observed for the ophiurids & Spencer 1996, Kaiser et al. 1996, Tuck et al. 1998, - 
is compatible with the fact that this group does not but See Brylinsky et al. 1994). These differences can 
appear to b e  the most negatively affected (Fig. 5). be interpretedin different ways: (1) effects of trawling 
Analysis of relative size of effects can, however, be used vary greatly among experiments and results from pre- 
to evaluate qualitative predictions about how effects of vious experiments and this experiment reflects this 
trawling may differ among different groups of animals. variability, (2') - this experiment underestimates the 
Assemblages were generally dominated by deposit number of taxa that are affected by trawling or (3) pre- 

vious experiments have overestimated the 
number of taxa affected by trawling. 

Fig. 5. Relationship between ranked average body weight and size of Spencer 19961 Kaiser et al' lgg6)' Never- 

effects. Srnailer rank indicates srnailer body size and negative effects o n  theless~ in an ex~eriment done at similar 
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spatial and temporal scales as the present 

Thyasindae The perceived effects of fishing distur- 
Tellinidae bances may differ among experiments, 

Nuculidae either because experimental treatments 
Amphipoda differ or because the sensitivity to physical 

Capitellidae 
Nephtyidae disturbance differs among assemblages. 

For example, each expenment has a 
Cirratulidae Trichobranchidae unique combination of frequency, dura- 

Amparetidae tion and intensity of experimental dis- 
Orbinidae turbance, which is dictated by the ex- 

Echinoidae 
Spionidae periment's purpose. We applied a long- 

Hesionidae term disturbance using an otter-trawl to 
Ophiuridae mimic a particular type of fishery. These 

*Terebel'idae tiawls may cause smaller disturbances 
Scalibregmatidae 

@ Maldanidae 
than other types of mobile. fjshing gear 

0 Oweniidae such as beam-trawls and scallop-dredges 
Q Sabellidae (Kaiser et al. 1996). Furthermore, other 
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one, Curne & Parry (1996) found that of the 10 most 
abundant species, 6 species decreased and 1 species 
increased in abundance as a result of trawling. An- 
other experiment with similar gear and intensity of 
trawling reported an increase in the total abundance 
of individuals, and of the 20 most abundant species, 5 
increased and 6 decreased significantly as a conse- 
quence of trawiing (Tuck et al. 1998). 

Previous comparisons have shown that effects of 
fishing disturbance often differ among places (e.g. 
Thrush et al. 1995, Curne & Parry 1996, Kaiser & 
Spencer 1996). Differences in intensity of natural 
physical disturbances have been proposed as a 
model to explain differences in effects of t r awhg  
and dredging within and among studies (e.g. Kaiser 
1998). From such models it is predicted that effects 
of human disturbance wiü be greater in areas with 
little natural disturbance. Although many natural pro- 
cesses may cause physical disturbances (Hall 1994), 
the intensity of such disturbances is likely to de- 
crease with increasing depth. Because this experi- 
ment was done at a great depth and in muddy sedi- 
ments, it is not likely that greater levels of physical 
disturbance can explain why fewer taxa appear to 
be affected in this experiment compared to many 
others. Another possibility is, however, that changes 
in oxygen conditions in the deep parts of the fjord 
cause repeated disturbances to assemblages in these 
types of habitats (e.g. Nilsson & Rosenberg 1997). 
By changing age- and size-structure of assemblages, 
such disturbances may create assemblages which are 
also comparatively tolerant to physi- 

the experiment. Assuming that estimated means re- 
flect 'true' differences between treatments, the proba- 
bilities of detecting these differences were low for the 
total nurnber of individuals, total biomass and abun- 
dance of each major phylum except the echinoderms 
(power < 0.1, Table 5). Even total biomass, which was 
the variable showing the largest effect (non-centrality 
parameter, 41 = 0.75), can be charactensed as a 'small' 
(size effect f = 0.75/120, Cohen 1988). Furthermore, 
the power of these tests wodd not have been substan- 
tially improved even if it had been possible to include 
more sites in the experiment. For none of these van- 
ables would the power to detect differences between 
trawled and control sites have exceeded 0.3 even if all 
interactions except 'B/A X Tr' were pooled (Table 5). 
This would have been equivalent to having 17 sites of 
each treatment in the experiment. Thus, difference 
among sites in the way abundances changed from 
before to after trawling rather than a small number of 
sites was the main reason for lack of power. 

In contrast to previous experiments with similar spa- 
tial and temporal scope, the design of this experiment 
included replicated trawled and control areas (Curne 
& Parry 1996, Tuck et al. 1998). Experiments without 
replication at the appropriate spatial scale run the risk 
of overestimating effects of physical disturbance. This 
is because the effects of the experimental manipula- 
tion are confounded with purely spatial variability 
(e.g. Hurlbert 1984, Underwood 1991, 1992, Osenberg 
& Schmitt 1996). If such an experimental design had 
been chosen for this expenment, the number of species 

cal disturbances. 
Table 5. Power for detecting estirnated effect sizes for the interaction B/A X Tr 

Retaining statistical null-hypotheses for total abundance, biomass and abundances. Means for trawled and control 
0f no effect of trawling is not alme suf- areas, before and after are shown for log,o transformed (untransformed data) 
ficient evidence for the conclusion that and error mean Square, non-centrality parameter (@) and power for (a) nominal 

trawling did not have important eco- tests and (b) tests using a pooled error term. "'No test originaily available, power 
calculated using B/A X S(Tr) as error term logical consequences in this experi- 

was not sufficient to detect these ef- Totalnumber C 2.06 (115) 2.03 (108) 0.26 0.52 <0.1 0.08 0.95 <0.3 
fects (Eberhardt & Thomas 1991. Fair- I T 2.04 (111) 1.93 (83) 

ment. It is theoretically possible that 
a large number of taxa were affected 
by trawling, but the sampling effort 

Tr B A -  (4- -(b)- 
MS @ P MS @ P 

\ ,  . , 
in mean abundances and to analyse Mouuscs C 1.02 (11) 1.32 (21) 0.27 0.02 <0.1 0.16 0.03 <0.1 
patterns of temporal and spatial van- T 0.84 (7) 1.13 (13) 

weather 1991, Underwood 1997). To 
interpret these resuits reliably, it is ne- 
cessary to inspect estimates of changes 

Totalbiomass C 1.29(19) - . - - 0.07 0.75 <0.3 
T 1.34 (22) 0.96 (9) 

Crustaceansn' C 0.38 (2.4) 0.40 (2.5) 0.26 0.17 <0.1 0.20 0.19 <0.1 
T 0.37 12.3) 0.42 12.71 

ability. Using the estimated means as 
an alternative to the null of no differ- 
ence between treatments, it is possible 
to do a posteriori calculations of power 
for the ANOVA. In this way we can 
evaluate effects on statistical power if 
a larger number of sites were used in 

Polycheatesn' C 1.96 (91) 1.88 (76) 0.37 0.39 <o.i 0.11 0.73 <0.3 
T 1.95 (88) 1.78 (60) 

a b C ~ ~ C C ( A B ~ ,  -@ --AB;  AB)^ 
*@ =  here eh = j=l j=l C MSError 
See Underwood (1997) for further details 
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