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a b s t r a c t

A multiple Before-After-Control-Impact experiment was conducted to estimate the large scale effects of
a single coverage by prawn trawlers on an offshore inter-reef area in the northern Great Barrier Reef that
was closed to fishing. Prospective power and cost-benefit analyses facilitated the design and optimization
of the experiment, the effect size of which was guided by prior publications at the time that had indicated
impacts of 10–100×. The optimal design, given the number of factors to be tested and the constraint of
available ship time (100 days) and resources needed to process samples, was for 12 control and 12 impact
plots each measuring ∼2.8 km × 1.2 km. The final design specification was capable of detecting an average
−80% effect size (5×). The experiment was divided over two seasons, wet and dry. During the experimental
trawl impact phase, a total of 32 t of benthic biota was removed from six shallow plots (15–25 m depth)
and 6 t from six deep plots (30–50 m depth). Sampling before and 6 months after impact was conducted
by an epibenthic dredge, a prawn trawl and a fish trawl. Analysis of means before and after impact, relative
to controls, showed very few significant differences. This indicated that the impact of a single prawn trawl
was less than the design specification. The lower than expected impact, compared to previous studies,
may have been partly because this study included all benthic groups, not just the most sensitive as earlier
studies had focussed on. Comparison of catch rates from the prawn trawl and the dredge indicated the
overall impact on total biomass was around −3% but ranged from close to 0% for some species to around
−20% for sensitive sessile species. A review of effect sizes in 30 other recent trawl experiments indicated
that this result was not exceptional; i.e. the reported effects of single trawls generally were not large, and

prawn trawls appeared to have smaller effect sizes than fish trawls, beam trawls and scallop dredges—also,
several studies reported recovery within ca. 6 months. Analysis of fishery effort data indicated that this
result was appropriate for the majority of trawl fishing grounds, where effort is sparse and infrequent.
Many published experiments had confounded designs and most had not used a priori power analyses or
pre-specified effect sizes. Nevertheless, recurrent trawling can be expected to have cumulative impacts
on benthos, as has been demonstrated by repeat-trawl depletion experiments. On the other hand, the
spatial extent of fishing grounds trawled as intensively as these depletion experiments is quite limited.
. Introduction

In the Great Barrier Reef (GBR) region of north east Australia, a

ajor trawl fishery targets prawns and scallops over extensive areas

f shelf seabed. Trawling originally took place mainly in the GBR
agoon, which extends for some 2000 km along the inner shelf of
ueensland, enclosed by the mainland and the mid- and outer-shelf
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reefs. From the early 1980s, trawling had also been occurring closer
to and between the coral reefs of the GBR, in order to target red-
spot king prawns (Penaeus longistylus), a species that is associated
with coralline sand further offshore. Modern navigational equip-
ment – especially improved high resolution echosounders, global
positioning systems (GPS) and navigation plotters – had made it
possible to trawl nearer to reefs and to avoid ground that would
snag nets. According to Alongi (1989), such areas had an abundant
and diverse epifauna dominated by echinoderms, bryozoans, large
ascidians, sponges and large foraminiferans.
On the north west shelf of Australia, Sainsbury (1987) had
reported results from surveys conducted before and after Taiwanese
pair-trawling showing changes in catch rates of large sponges
from ∼500 kg h−1 before, down to ∼5 kg h−1 after (a 100× change).
Sainsbury et al. (1992) also reported video observations of the
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mpact of ground gear on large sponges and concluded that 90% of
ponges were removed by the pass of a single trawl (10× change).
lthough other quantitative information was scarce at the time,

rawling was considered the activity most likely to have significant
mpacts on GBR seabed benthos (Hutchings, 1990), and most of the

anagement for lagoon benthos was related to this issue (Zann,
995). These concerns were considered at a regional workshop in
989 (Craik et al., 1989; also Sainsbury and Poiner, 1989), which
ed to a 5-year study based in the far northern section of the GBR

arine Park (Poiner et al., 1998). The study made use of a large
∼8000 km2) cross-shelf area that was closed to trawling in 1985.
he area included a part of the inshore lagoon, inshore reefs and
slands, mid-shelf shoal and reef zone and offshore lagoon, and was
ordered to seaward by the outer barrier ribbon reefs.

The overall study commenced in 1991 with an initial descrip-
ive survey of the area, including bathymetry, sediments, benthos,
ycatch and fish (Poiner et al., 1998). Information from the ini-
ial and a second survey was used to compare the fauna within
he closed area to that in the adjacent area open to trawling, and
imed to assess whether commercial trawling activities in the
egion were associated with any large scale changes in the ben-
hic assemblages (Burridge et al., 2006); an approach that used
ast commercial trawling as an “experiment” (Hilborn and Walters,
981). Subsequently, two manipulative experiments were con-
ucted. The first, described herein, was a large scale (∼80 km2)
efore-After-Control-Impact (BACI) experiment; the second mea-
ured the depletion effects of repeated experimental trawling on
ix tracks (scale ∼0.8 km2) (Burridge et al., 2003).

Controlled comparisons between the same area before and after
rawling in established fisheries has been hampered by lack of
ertainty about representative untrawled areas (e.g. Lindeboom,
995). The BACI experiment was conducted in the cross-shelf closed
rea of the GBR. While trawling had occurred in some inshore
reas before the closure, and subsequently limited trawling contin-
ed illegally (Gribble and Robertson, 1998), the available evidence

ndicated that no trawling had occurred in the uncharted inter-
eefal area selected for the BACI experiment. Thus, there was high
ertainty that the experiment was carried out in a previously
ntrawled environment. Further, the experimental area was poten-
ial trawl ground, as demonstrated by the occurrence of commercial
ensities of the valuable target species P. longistylus during the two
rior sampling surveys of the region.

The BACI experiment aimed to address the development of red-
pot prawn fishing grounds in mid-shelf inter-reefal areas and the
ituation for grounds that were not trawled intensively. In the GBR
egion, data from fishery logbooks indicated that 70% of 6 min grid
ells recorded less effort than needed for a coverage of once per year
Pitcher et al., 2000). This, and GPS records of trawlers fishing for
rawns, suggested that most area of seabed that was trawled was
ubject to less than one pass per year. The experimental plots were
o be as large as possible to be relevant to the scale of commercial
rawn trawling operations and the ecosystems that may be affected
including movement patterns of fishes, prawns and other mobile
enthos), yet small enough to permit sufficient replicate plots to be
stablished. In order to provide a feasible analogue of this situation,
he BACI treatment involved trawling as uniformly as possible over
he area of impact plots to apply an average coverage of one trawl
ass—this was nevertheless a contrived experiment; it was not pos-
ible or intended to replicate exactly commercial fishing practices.
he subsequent repeat-trawl depletion experiment (Burridge et al.,
003) addressed the situation for the relatively small areas of very
ntensive trawl effort.
In a series of papers, Underwood (1991, 1992, 1993, 1994)

ddressed the limitations of the original unreplicated single-
mpact:single-Control BACI approach (Green, 1979). First, single
mpact and control locations cannot distinguish any impact effects
arch 99 (2009) 168–183 169

from possible inherent differences between the locations. Sec-
ond, populations in the two locations may change differently with
time regardless of any impact. Underwood’s recommendation for
improving the design of impact studies (e.g. a power station on a
river), was increasing the number of control locations and sampling
at several time points (nested) before and after impact. In this study,
the spatial confounding was addressed by replicating and inter-
spersing both the impact and the control locations (plots) equally,
as recommended by Hurlbert (1987). The temporal variability prob-
lem was more difficult to deal with because of the substantial cost of
visiting the remote study area. It was impractical to conduct before
and after sampling on multiple hierarchical time-scales, but a tem-
poral factor was included: the experiment was conducted over two
periods corresponding to the two major seasons in this tropical
region. This would also deal with the risk from major short term
events such as a cyclone. The larger number of replicate impact
and control plots would also ameliorate the temporal issues. Con-
sequently, we expected to be able to make conclusions about fauna
that have relatively stable dynamics over the study period, particu-
larly those with life times of about 2 years or longer and which did
not have major migrations in or out of the study area. Most species
of concern were in this category, i.e. longer-lived resident fishes,
invertebrates and attached fauna. Further, there was greater inter-
est in sustained impact effects that would persist for significant
periods (more than a few months) rather than transient effects.

The design of the BACI experiment was facilitated by prospective
power analyses. These made use of estimates of means and vari-
ances from the initial descriptive survey of the area in 1991 (Poiner
et al., 1998). From prior work, particularly that of Sainsbury and oth-
ers cited above, we anticipated effect sizes of order-of-magnitude
or greater impact, which corresponded to designing for the capa-
bility to detect a reduction in biomass of −90% or more. Power is
largely a function of the number of control and impact locations
(or in this case, plots); cost-benefit analyses were used to optimize
the size of plots and the allocation of sampling stations to plots as
a function of costs to implement the experimental trawl treatment
and conduct the sampling of stations.

2. Methods

2.1. The study area

The study was carried out in an area closed to fishing, between
11◦15′S and 11◦45′S, in the Far Northern Section of the Great Bar-
rier Reef (GBR), Australia. The BACI experimental plots were located
in the uncharted mid-shelf inter-reef/shoal stratum of the closed
area (Fig. 1), as any possible expansion of the trawl fishery else-
where would be into this type of stratum. In the GBR, this stratum
remains untrawled in many areas, and has high biodiversity con-
servation value due to the presence of sessile epibenthic fauna
that formed biogenic habitat. The seabed comprised carbonate
sand at ∼20–50 m depth and supported populations of red-spot
king prawns (P. longistylus). It also included deeper off-reef areas
(30–50 m) generally clear of obstructions to trawling, and shallower
near-reef or shoal areas (15–25 m) with patches of un-trawlable
seabed. These two habitats represented the main types of offshore
ground that were trawled in the region and the type of benthos
might differ between them.

2.2. Design of the BACI experiment
The design process involved setting the probability of hypoth-
esis testing errors regarding the difference between impact and
control plots: type I (�), the risk of falsely accepting that there
was a difference when there was none, and type II (�), the risk
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Fig. 1. Map of the mid-shelf area of the cross-shelf closure, showing the location of
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Table 1
Full specification of the analysis of variance for a once-before-impact, once-after-
impact BACI experiment with np plots established per Season × Depth × Impact
combination, and ns stations sampled within each plot at time t. The relevant error
term for fixed effects (groups A and B) is indicated.

Source Levels Degrees of freedom

Group A terms
Season 2 1
Depth 2 1
Impact 2 1
S × D 4 1
S × I 4 1
D × I 4 1
S × D × I 8 1
Plot(S × D × I) = Error A 8np 8(np − 1)

Group B terms
Time 2 1
S × T 4 1
D × T 4 1
I × T 4 1
S × D × T 8 1
S × I × T 8 1
D × I × T 8 1
he 12 experimental plots (shaded) and 12 control plots (unshaded). Shallow plots
ere located at about 20 m depth on the sandy tops of shoals (dashed outlines) and
eep plots were located off the banks in about 35 m depth. Coral reefs are shown
ith solid outlines.

f falsely accepting that there was no difference when a difference
xisted. Setting � and power (1-�) at acceptable levels (typically
.05 and 0.80, respectively) it was possible to estimate the sam-
le size required to detect a specified level of impact. Alternatively,
iven a specified sample size (usually due to resource limits), the
evel of detectable impact can be estimated. Detectable effect sizes

ere estimated for a range of designs, using distribution functions
mplemented in the SAS statistical software (SAS Institute, 1990).

Cohen (1988) introduced the standardised “effect size index”
ESI), a dimensionless index that specified an effect size relative
o the variance of a sample. For example, for a test of two means
Cohen, 1988):

SI = ı/� (1)

where the effect size ı = difference between the means and
= common population standard deviation. For example, a given

ffect may be considered large for a homogeneous population with
small variance, whereas the same effect maybe considered small

or a heterogeneous population with a large variance. By examin-
ng the conclusions for a range of studies, Cohen deduced empirical
uidelines for his index: for a “small” effect, the ESI was ∼0.1; for
“medium” effect, the ESI was ∼0.25; and for a “large” effect, the
SI was ∼0.4. As noted in the introduction, contemporary expecta-
ions were that the impacts of trawling would be very “large” effects
f 10× or more, corresponding to a change in biomass of −90% or
ore.
The design calculations were based on the Poiner et al. (1998)

nitial survey’s analysis of variance results for taxon weights (log10
ransformed), for species present in more than half the sampling
tations, and also at the taxonomic class level. Because the species
evel power analysis covered only a fraction of the data, sum-

arizing at the taxonomic class level was considered the most
ppropriate way to cover the majority of the taxa for the power
nalysis. It has been shown that this type of summarisation still
etains patterns in data, as many benthic species appear to respond

imilarly, at the class level, to impact due to their similar life habit
e.g. Warwick, 1993). Each of the sampling gears (dredge, prawn
rawl, fish trawl) was calculated separately.

Summarizing from above, the following concepts influenced the
esign. (a) The experimental treatment would be applied in impact
D × S × I × T 16 1
T × Plot(S × D × I) = Error B 16np 8(np − 1)

Stn(T × Plot(S × D × I)) = Error C 16npns 16np(ns − 1)

“plots”, with comparable control plots, and both should be estab-
lished at the largest practical spatial scale. (b) The plots would be
located in the mid-shelf inter-reefal/shoal stratum, in (c) habitat
supporting P. longistylus prawns as well as (d) sessile epibenthic
fauna, so that any impact on these could be assessed. (e) The two
basic types of grounds, deeper open areas and shallower shoaling
areas nearer to coral reefs, were represented in both control and
impact plots. (f) Two sets of plots were established: one over the
wet season and the other over the dry season.

2.2.1. Design principles
The main effect of interest was the change in the benthic and

demersal assemblages of the treatment plots as a result of exper-
imental impact, relative to control plots that presumably did not
(but may) change. Given the limited number of replicate plots that
could feasibly be established and the likely high variance between
plots initially, the power of the design would be enhanced consider-
ably by sampling each plot before, as well as after, the experimental
impact (i.e. a “before-after” factor). Consequently, the statistical
term of most interest is the interaction between impact and time
(before-after). This is known as a BACI experiment and their design
and analysis has been discussed fully previously (see Section 1).

For a given sampling effort, statistical power is maximised with
an equal number of replicate plots for all main factors: season (2 lev-
els), depth (2 levels), impact (trawled or control), and time (before
or after impact). Trawled plots should be interspersed randomly
among available plots and equal numbers of sampling stations
should be allocated to, and distributed randomly within, each plot.
A sampling station was a long narrow rectangle of seabed along
which the sampling devices (fish and prawn trawls, benthic dredge)
would be towed.

A skeleton analysis of variance for two sampling occasions is
shown in Table 1. There were np plots for each combination of
Season, Depth and Impact; and within each survey time, ns sta-
tions per plot. Since the essence of a BACI experiment is the extent
to which impact plots change over time relative to controls, only

Group B terms in Table 1 were important: the Impact × Time (I × T)
term measured overall impact; higher-order interactions S × I × T,
D × I × T and D × S × I × T assessed the consistency of impact under
different conditions. All four interactions were tested against the
Time × Plot(S × D × I) term. The expected mean square (MS) of this
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Table 2
Results of cost-benefit analysis in terms of optimum number of stations per plot, for a range of plot widths. Direct costs (h) required to manipulate and sample each plot, as
well as total costs (h) are shown. The time cost for each plot was taken as 1 h per sampling occasion plus the averaged impact costs over all plots and occasions; the cost of
sampling each station within a plot was 2.5 h. Bold text shows the 3 plot sizes examined for minimum detectable differences (see text for details).

Plot width
(n.mile)

Impact cost
per plot (h)

Averaged plot
cost (h)

Cost/benefit (stns/plot) Integer (stns/plot) Total cost
per plot (h)

Total cost per
station (h)

%Area free
from sampling

0.16 8 2.33 1.80 2 22.0 11.0 0
0.26 13 3.17 2.10 2 24.5 12.3 40
0.36 18 4.00 2.36 2 27.0 13.5 60
0.46 23 4.83 2.59 3 37.0 12.3 55
0.56 28 5.67 2.81 3 39.5 13.2 64
0.66 33 6.50 3.01 3 42.0 14.0 70
0.76 38 7.33 3.19 3 44.5 14.8 74
0.86 43 8.17 3.37 3 47.0 15.7 78
0.96 48 9.00 3.54 4 57.0 14.3 73
1.06 53 9.83 3.70 4 59.5 14.9 76
1.16 58 10.67 3.85 4 62.0 15.5 78
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.26 63 11.50 4.01

.36 68 12.33 4.14

.46 73 13.17 4.28

.56 78 14.00 4.41

epended only on the spatio-temporal variance of plot means (�2
pt)

nd the within-plot variance at a given time (�2
spt), as follows:

(Error B) = E(MSTime×Plot(S×D×I)) = �2
spt + ns�2

pt (2)

The mean before-after change, averaged over the four combi-
ations of Season and Depth, differed between Impact and Control
lots with a variance given by:

2
I×T =

np�2
pt + �2

spt

4npns
= E(MSTime×Plot(S×D×I))

4npns
(3)

Increasing plot numbers enhanced statistical power more effec-
ively than sampling more stations per plot, with an absolute

inimum of np = 2 and nspt = 2. The plots also had to be wide enough
o incorporate extra sampling occasions to measure recovery of the
eabed habitat following the completion of the experiment.

For planning purposes, variance estimates were obtained from
he initial descriptive survey of the area where two stations (S) were
ested at each location (L) (Poiner et al., 1998; Burridge et al., 2006).
he between-location variance, s2

L , was used to estimate �2
pt and the

ithin-location variance, s2
S , to estimate �2

spt as their spatial scales
ere similar and, in the absence of data from multiple visits to

ndividual sites, these were reasonable surrogates.

.2.2. Size of experimental plots
There was a trade-off between the principle that the experi-

ental plots should be as large as possible (also to accommodate
eplicated sampling stations and buffer zones around manipulated
lots) and the need to establish sufficient replicate plots within
ealistic resourcing. Plots were to be at least 1.5 n.mile long, because
ampling would include 30 min research trawls at 2–3 knots that
ould cover 1.5 n.mile long strips of seabed along the length of the
lots. Square plots (i.e. about 1.5 n.mile wide also), would approach
he desired scale objective more closely than narrower designs.
owever, because power would be related to the number of plots
nd, given the cost of establishing plots with available resources,
here was a compromise between plot-width and number of plots
hat needed to be optimized. Consequently, a range of plot widths
0.16–1.56 n.mile) was examined in the following cost-benefit and
ower analyses.
.2.3. Cost-benefit analysis
It was estimated that ∼0.75 h of effort by each of a pair of

rawlers (one larger with ∼0.02 n.mile wide gear, one smaller
ith ∼0.01 n.mile wide gear) would be required to trawl strips

.03 n.mile wide in each impact plot. The cost of establishing each
4 64.5 16.1 80
4 67.0 16.8 82
4 69.5 17.4 83
4 72.0 18.0 84

impact plot would be dependent on its width (i.e. number of
0.03 n.mile strips). These costs should be averaged across the con-
trol plots, before and after sampling as well as an intended third
sampling to begin measuring recovery. There were also costs asso-
ciated with travelling to each plot estimated at 0.5 h for each of two
trawlers for each of the three occasions. The cost of sampling each
station, involving deployment of 3 gear types from two trawlers,
was estimated at 2.5 h for each of the three occasions.

Given these variable time costings for establishment of a range
of plot sizes, plus the time required for sampling, the most efficient
number of stations to sample within each plot was estimated by the
following an optimization equation (from Snedecor and Cochran,
1967):

number of stations per location =

√
cLs2

S

cSs2
L

(4)

where c was the cost (time) of sampling locations (L) and stations
(S), and the s2 were the associated variances from the initial sur-
vey. The cost-benefit analysis was conducted for the range of plot
widths; and for 15 classes and 17 species of benthos sampled by
the benthic dredge; 8 prawn species, 15 classes and 32 species
of bycatch sampled by the prawn trawler; and 15 families and 38
species of fishes sampled by the fish trawler.

2.2.4. Minimum detectable differences
Given the available resources, the maximum possible amount

of field time was about 100 vessel days and with additional con-
straints on the number of samples from all gears that could be
sorted, about 100 stations could be sampled at each sampling
time. As the design was fully orthogonal with only two levels for
Impact (control, trawled), and interest was primarily in negative
impacts, the power analysis was based on a one-tailed t-test with
significance level ˛ = 0.05; i.e. the null hypothesis was rejected if
the impact plots decreased by �I×TTcrit (�, ˛) or more, relative to
control plots, where Tcrit was the (lower) 5th percentile of the cen-
tral T-distribution with degrees of freedom corresponding to the
MS(Time × Plot(SDI)) term in Table 1. The minimum true difference
(a negative value) that could be detected with 0.80 probability was
estimated by

ı = (T − T )� (5)
crit alt I×T

where Talt was the (upper) 80th percentile of the central T-
distribution with the same degrees of freedom as above, and
�I×T was the standard error corresponding to the I × T variance
given in Eq. (3). Where data were log-transformed, the minimum
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Table 3
Average detectable effect sizes (ı) for a range of BACI designs with different sizes and numbers of plots, and different numbers of stations within plots. The impact cost and
total cost vary across designs. The non-centrality parameter (�) was −2.727 for ‘2 Plot’, −2.599 for ‘3 Plot’ and −2.559 for ‘4 Plot’ designs. The average detectable effect is
also presented as (back-transformed) biomass reduction (%). The corresponding Cohen’s ESI is shown for each design. Average variances are presented only as an indication,
variances for each species were used in the power analysis.

Plot width
(n.mile)

Plots for each
combination

Stations
per plot

Impact cost (h) Total number
of plots

Total number
of stations

Total number
of days

Average
variance of
plot mean

ı Average
detectable
effect (%)

Cohen ES Index

0.26 2 2 104 16 32 36 0.379 0.780 −79.3 0.68
0.66 2 3 264 16 48 61 0.252 0.637 −73.3 0.56
1.26 2 4 504 16 64 94 0.189 0.551 −68.7 0.48
0.26 3 2 156 24 48 53 0.379 0.607 −71.7 0.53
0.66 3 3 396 24 72 92 0.252 0.495 −65.1 0.43
1 96
0 64
0 96
1 128
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The estimate of Cohen’s ESI for this design was 0.43, which was suf-
ficiently close to Cohen’s guidelines for a “large” effect (ESI = 0.4).
The average power of the ‘3 Plots with 3 stations’ design was suffi-
cient to detect biomass reductions of ∼65% in impact plots relative
to Before and Controls—well within the detectable effect criterion
.26 3 4 756 24

.26 4 2 208 32

.66 4 3 528 32

.26 4 4 1008 32

etectable differences were transformed to percentage change
y

= −100(1 − 10ı) (6)

Minimum detectable differences were evaluated for a range of
lot widths, numbers of stations within plots, numbers of plots for
ach combination of the main effects; for the same benthos classes
nd species, as for the cost-benefit analysis.

.3. Design outcomes for the BACI experiment

.3.1. Size of experimental plots and cost-benefit analysis
The cost-benefit results for a range of plot widths

0.16–1.56 n.mile) are shown in Table 2. The time cost (h) to
mpact plots increased linearly with plot width; the cost averaged
ver the entire experiment was much less, but also increased
inearly. The estimated optimal number of stations per plot,
veraged for all 145 classes or species, increased non-linearly
ith plot width (Table 2)—and step-wise, because the number of

tations must be integer. The optimal plot widths were those where
ost-benefit was closest to an integer value for number of stations
i.e. 0.26, 0.66, 1.26 n.mile; Table 2); these were the three plot sizes
xamined in the analysis of minimum detectable differences.

Total costs per plot decreased with narrower plots, as did costs
er station—which was advantageous. On the other hand, the pro-
ortion of the plot area sampled (and the relative impact due to
ampling) increased with narrower plots (Table 2). The trade-off
etween these two considerations meant that though 0.26 n.mile
ide plots were the least costly, the sampled fraction of the plot
as very high. Thus there was a risk that the sampling itself could

ffect the results (non-independence); further, such narrow plots
ere the greatest compromise in terms of the “largest-possible-

cale” aims of the study. Hence, narrow plots, with 2 stations, were
xcluded from contention, although for completeness they were
ncluded in the discussion of power below. At the other extreme,
he 1.26 n.mile wide plots had the most favourable sampling frac-
ion, but were the most costly and fewer plots of that size could
e established. The final choice of plot size was contingent on the
ower analysis (below).

.3.2. Minimum detectable differences
The results of the analysis of minimum detectable differences in

elation to costs are summarised in Table 3. These were conducted
or three plot widths (0.26, 0.66, 1.26 n.mile), numbers of stations

ithin plots (2, 3, 4), numbers of plots (2, 3, 4) for each combina-

ion of the main effects (Season, Depth, Impact), and for 145 taxa
ampled by three gear types.

For the nine designs examined, minimum detectable differences
ı), averaged over all gears and taxa, ranged from the ability to
141 0.189 0.429 −60.3 0.38
71 0.379 0.518 −66.6 0.45

122 0.252 0.423 −59.7 0.37
188 0.189 0.366 −54.9 0.32

detect a reduction in biomass of ∼79% for the weakest design, to
∼55% for the strongest. Thus, all designs met the first criterion for
power (i.e. ı = 10× or less). However, Cohen’s ESI ranged from 0.68
for the weakest design, to 0.32 for the strongest; for only three of
the designs was ESI < 0.4 corresponding to Cohen’s guidelines for a
“large” effect (though another two were close, i.e. ESI ≤ 0.45). Time
costs for the field component of the experiment ranged from 36
days for the weakest design, to 188 days for the strongest. How-
ever, the strongest design and two others were beyond the available
resources. Between the extremes, there was no direct relationship
between costs and power; some affordable designs clearly would
be more powerful than others (Fig. 2).

In general, designs with two plots per combination of fixed fac-
tors (‘2 Plot’) designs were less powerful than ‘3 Plot’ designs, and
‘4 Plot’ designs were the most powerful (Fig. 2). However, ‘4 Plot’
designs were also the most costly, and if the narrow plots with 2
stations alternative was excluded as discussed in the previous sec-
tion, then none of the ‘4 Plot’ designs were feasible. Of the ‘3 Plot’
designs, the option with 4 stations in the widest plots was excluded
due to costs, leaving only the medium width plots with 3 stations.
Fig. 2. Time cost vs. relative power (effect size index) for a range of 9 BACI designs:
2 plot designs ( ), 3 plot designs (– – – –), and 4 plot designs (——). The number of
stations per plot increases from 2 (�), 3 (�), and 4 (�) from left to right in each case.
Cohen’s guideline for a “large” effect is shown at ESI = 0.4 and the resource limit is
shown at 100 days of field time.
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Table 4
Summary of cost-benefit analysis (optimum stations per plot) and estimated
detectable effect sizes (ı in log10 g) for the ‘3 Plot, 3 Stations’ BACI design. Values
shown are averages for taxonomic classes and species sampled by the three gear
types. The average detectable effect size is also presented as (back-transformed)
biomass reduction (%). Cohens’ ES Index = 0.43 in each case.

Taxonomic group Stns/plot ı Detectable effect (%)

Dredge class averages 3.709 0.592 −72.7
Dredge species averages 3.165 0.566 −71.3
Prawn bycatch class average 4.205 0.411 −53.3
Prawn bycatch species average 2.398 0.417 −60.1
Fish trawl family average 2.339 0.540 −69.7
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ish trawl species average 3.650 0.527 −69.0
rawn species average 1.605 0.415 −59.7

verall 3.010 0.495 −65.1

f 10× reduction in biomass. For different sampling gears, average
inimum detectable effects ranged between reductions of ∼73%

or classes in dredge benthos and reductions of ∼53% for classes in
rawn bycatch (Table 4). For individual taxa, minimum detectable
ffects ranged between reductions of ∼94% for sponges and ∼13%
or the classes polychaetes, gastropods and bryozoans caught as
ycatch in prawn trawls. Over all taxa, the 66 percentile range of
inimum detectable effects was reductions of 79–51%.
Consequently, the design chosen for the BACI experiment was

plots per combination of fixed factors, with 3 stations in each
.66 n.mile wide plot. This provided for a total of 24 plots and 72
tations sampled before and after, and was estimated to require
bout 92 days of field-time.

.4. The experimental impact

The impact was a one-off series of trawls that aimed to cover the
xperimental plots with a single trawl pass as uniformly as possible.
his was intended to be relevant to the situation for the major-
ty (∼70%) of trawled grounds in the region, which were trawled
ess than once per year. The location of the plots is shown in Fig. 1
nd a schematic timeline for the experiment is shown in Fig. 3.
wenty-four plots were established, each 1.5 × 0.66 n.mile. The first
et of 12 plots (Season 1) was established in November–December
993; the second set was established in March 1994 (Season 2).

ix pairs of plots were in shallow water (∼15–25 m depth) and
ix pairs in deep water (∼30–50 m depth). One of each pair was
hosen at random and treated by trawling all over, with the remain-
ng 12 plots being left as controls. The impact involved the pair

ig. 3. Schematic timeline for sampling and treatment of plots. All plots were sam-
led before the trawl treatment was applied; arrows indicate application of the
rawling to the Impact plots immediately after the “before” sampling; all plots were
ampled approximately 6 months after. Treated plots are shaded; white indicates
ntreated plots; control plots remained untreated throughout.
arch 99 (2009) 168–183 173

of trawlers each trawling over predetermined, adjacent, parallel
tracks in each of the 12 treatment plots. Biota removed by each
trawl was quantified to basic faunal group level and material excess
to museum requirements was discarded off-plot, in a similar way
that commercial trawlers were unlikely to discard directly onto
seabed just trawled. In total, 44 individual trawls were required
to cover each impact plot with an average intensity of about one
trawl.

To apply the treatment to the impact plots, the smaller trawler
towed a single 9 fathom prawn trawl (headline = 18.4 m). This type
of net was used by some sectors of the commercial fleet and was
rigged similarly to the industry standard paired-gear used for sam-
pling (Section 2.5.1). Given the spread of single-nets of this type
measured at 85% by another project (Haywood et al., 2005), the
estimated impact width was ∼15.6 m. The larger trawler towed a
Frank and Bryce bottom trawl (Section 2.5.2), additionally rigged
with 82 m of ground chain, as used by prawn trawlers, between the
sweep-wires to create similar contact with the seabed as a prawn
trawl. The measured impact width was ∼32–42 m.

The impact trawling was guided by differential GPS, with an
average accuracy of better than 2 m, and was conducted dur-
ing ideal weather conditions. The average deviation of vessels
from the intended track was estimated at 2–5 m from measure-
ments made during a similar project (Burridge et al., 2003). Net
tracking experiments in another similar project (Haywood et al.,
2005) showed that trawls quite faithfully followed the vessel track,
despite appearances to the contrary, and were less variable than
the vessel with average deviations of 1–3 m in a direction that
countered the vessel deviations. Thus, average deviations of the
gear from the intended track would have been in the order of
7–9 m.

The gear deviations meant that the trawl impact coverage was
not exactly 100%. Simulations showed that 10–20% of each plot may
not have been trawled and a smaller percentage may have been
trawled twice, but at random relative to the before and after sam-
pling. Though these deviations would have introduced additional
variation, the experiment was not critically dependent on the trawl
cover having been precisely 100%; the mean impact coverage would
have been close to 1× (estimate = 0.95×). In fact, the gear deviations
make the experiment more akin to commercial trawling, which is a
fine scale mosaic of trawled and untrawled areas, than if the trawl
paths had been perfectly contiguous.

2.5. Before and after sampling

As different gear types have been shown to have different catch-
ability for fish and benthic fauna (e.g. Wassenberg et al., 1997), a
fish trawl and a 3 m benthic dredge, in addition to prawn trawls,
were used during the experiment (gear details below), to sample
a broader range of the seabed assemblage that may be effected by
prawn trawling.

All 24 plots were sampled immediately before the experimen-
tal trawling impact and again approximately 6 months afterwards,
using the benthic dredge, prawn trawl and fish trawl. The 6-month
interval was chosen to avoid short term effects such as animals
being attracted into an area of disturbance. To ensure that there
was no interference between sampling, each plot was divided into
six 0.1 n.mile-wide lanes with a 0.03 n.mile wide buffer around the
plot. Three lanes were designated at random as “before”, and three
as “after”. Each lane was subdivided into 10 strips corresponding to
the swept width of the prawn trawl (about 0.01 n.mile). In each lane,

three non-adjacent strips were chosen at random; one for each sam-
pling gear type. Thus, a station corresponded to a lane where each
of the three sampling gears were deployed along random strips.
This provided three samples for each gear type, for each time, from
each of the 12 experimental and 12 control plots. If all deployments
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ere made, there would have been a total of 144 samples for each
ype of gear. For a variety of reasons (bad weather, rough seabed
nd gear problems) not all gear was deployed at every station. All
rawn trawl samples were obtained but one impact and three con-
rol fish trawl samples were missed, as were one control and two
mpact dredge samples.

.5.1. Prawn trawl sampling
The fisheries research vessel FRV Gwendoline May, a former com-

ercial prawn trawler, towed two prawn nets as a pair from an
-frame at the stern. These paired nets were equivalent to one
ide of the quad-gear configuration towed from booms by com-
ercial trawlers. The stern-rig was used because of the danger to

he vessel of hooking up one side in uncharted areas. The nets were
lorida Flyers, each with a 4 fthm headrope connected with 0.9 m
f 8 mm chain to two standard otter boards (214 cm × 85 cm, steel
rame with timber slats) and a steel skid between the two nets.
n 8 mm ground chain was suspended from the footrope with 5

inks of chain at each hanging so that the ground chain hung about
00 mm below the footrope. The body of the trawl net consisted
f 54 mm stretched mesh with a codend of 50 mm stretched mesh.
he prawn trawl was towed for ∼1 n.mile at ∼3 knots giving a swept
rea of around 19,000 m2 assuming a 70% spread of each net (Sparre
t al., 1989).

.5.2. Fish trawl sampling
A chartered commercial trawler, the FV Clipper Bird, towed a

rank and Bryce fish trawl having a 26 m headrope and a 32 m
ootrope fitted with wire and rubber rollers on 250 mm drop chains.
he mesh of the wings was 225 mm stretched mesh, with 150 mm
esh in the body, gradually tapering to a 100 mm extension, and a

odend of 50 mm mesh. Two steel otter boards (200 cm × 150 cm)
eighing about 600 kg each spread the net to about 70% of the head-

ope length, giving a swept width at the wing ends of about 18 m.
ach wing of the net was attached to the otter boards by 30 m bri-
les and 10 m of connecting links and chain, which gave a door
pread of about 42 m. The fish trawl was towed at about 3.5 knots
or ∼1.5 n.mile giving a swept area of around 50,000 m2.

.5.3. Dredge sampling
The Clipper Bird also towed a benthic dredge comprising a 3 m

ide, 1 m high steel frame with skids on each end, weighing about
00 kg, and having a 3 m long net (25 mm stretched mesh) attached
o the rear of the frame. The dredge was towed at about 2.5
nots for ∼1/3 n.mile giving a swept area of around 1800 m2. This
redge design sampled the fauna living on the seabed but not the

nfauna.

.6. Sample processing

The dredge samples were sorted on deck and all very large
tems such as sponges, coral lumps or rocks, were extracted, identi-
ed and weighed. The remainder of the sample was either kept

n its entirety or, if the sample was too large, a subsample of
etween 25 and 60 kg was retained. The rest of the sample was
hen weighed and discarded. The subsample was examined further
nd, if relatively uniform, about 10 kg was retained as a subsam-
le and the rest was weighed and discarded. If the subsample
ontained large starfish, holothurians, Pinctada sp.s, or large vol-
mes of algae, they were removed, identified, counted and weighed
efore discarding. The remainder was frozen and taken back to

he laboratory where the composition was identified, counted and
eighed.

The fish and prawn trawl samples were unloaded onto a sort-
ng tray and large animals (fish, rays, sponges or coral lumps) were
dentified and weighed on board. The remainder of the sample was
earch 99 (2009) 168–183

either kept in its entirety if less than about 40 kg; if it was larger,
a subsample of about 20–30 kg was retained. The rest of the catch
was weighed and discarded. The samples were frozen and taken
back to the laboratory for processing. In the laboratory, samples
were sorted to species, counted, and weighed. The subsampling of
the original samples was taken into account in analyses.

2.7. Statistical implementation of BACI model

Most invertebrate species in the benthic dredge and prawn trawl
samples were found infrequently, and in small amounts. Further,
the prawn trawl was a poor sampler of most invertebrates and some
groups were only partially sorted to species level. Therefore, 110
invertebrate species comprising almost 95% of the biomass from
the dredge, and 8 prawn species from the prawn trawl, were anal-
ysed. For both devices, weights also were aggregated to class level,
enabling a more inclusive assessment of the trawl impact on inver-
tebrates.

Most fish species in the trawls also had low frequency of occur-
rence and only those species found in at least 10% of the stations
in control plots (total 69 stations for fish trawl, 72 for prawn trawl)
were included in analyses. The epibenthic dredge was a poor sam-
pler of fishes, consequently dredge-fish were not included in the
analyses. In total, 57 fish species in the fish trawl (85% of the fish
biomass) and 89 species in the prawn trawl (95% of the fish biomass)
were analysed.

The sample biomasses b were transformed by log10(b + c) to
remove the mean–variance relationship and homogenise the vari-
ance as far as possible. The added constant c was set to half the
smallest non-zero value for each taxon. This empirical approach
was found to have two advantages over simply setting c = 1. Firstly,
the residuals followed a more nearly normal distribution and sec-
ondly, the variance was not arbitrarily forced to a high value simply
because the value 1 may be a large distance from the rest of the data
on a log scale. This approach was considered to be the most consis-
tent possible taking into account the many species with abundances
varying on different scales.

Restricted Maximum Likelihood (REML) was chosen for
analysing the data, using the SAS implementation (PROC MIXED).
This method can accommodate the mixture of fixed and random
effects; the need to estimate nested components of variance for use
in post hoc power analysis; and the fact that perfect balance could
not be achieved for all datasets due to realities of sampling logistics.
At the plot level, the design was a fully balanced 24 factorial with
the factors Impact, Season, Depth and sampling Time. The levels of
each factor are shown below. There were 12 plots for each level,
with three plots for each four-way combination of Impact, Season,
Depth and sampling Time.
Impact (I) Control or impact
Season (S) Season of impact timing: end of dry season or

end of wet season
Depth (D) Shallow plots (15–25 m) and deep plots

(30–50 m)
Time (T) Sampling timing: just before Impact or 6

months after Impact
The following SAS model was fitted:

log(weight) or log(number) = Impact|Season|Depth|Time
Plot(Impact × Season × Depth)
Time × Plot(Impact × Season × Depth)
Station(Time × Plot[Impact × Season × Depth])

where Impact, Season, Depth and sampling Time were treated
as fixed effects and Plot(Impact × Season × Depth), Time ×
Plot(Impact ×Season × Depth) and Station(Time × Plot[Impact ×

Season × Depth]) were treated as random effects.

Results of this fitted mixed model were summarised by: (1) F-
tests for the main effects and interactions corresponding to fixed
effects, and (2) linear contrasts among specific combinations of
means.



es Research 99 (2009) 168–183 175

2

w
c
t
i
i
t
d
a
d

3

3

c
c
m
T
b
h
e
s
s

3
t
f
t
b
2

b
f
a
O
g

T
T
d
o

C

A
P
H
P
G
A
Z
C
G
B
C
B
C
A
E
H
O
A

T

C.R. Pitcher et al. / Fisheri

.8. Relative catchability of the prawn trawl

The catch rates of benthic biota sampled by the prawn trawl
ere compared with those of the dredge, as a complementary indi-

ation of the level of impact. Because of the design and weight of
he dredge and the way it sampled the seabed, it was assumed that
t sampled almost all of the sessile and slow moving organisms in
ts path on trawlable ground. The relative catchability of the prawn
rawl for each taxonomic group was estimated by expressing the
ensity calculated from the swept area of the prawn trawl sample
s a percentage of the density calculated from the swept area of the
redge sample.

. Results

.1. Seabed benthos and fish

The seabed in the region where the BACI experiment was
arried out consisted of extensive stretches of silty-sand to
oarse-sand sediment with occasional patches of epibenthic com-
unities of sponges, gorgonians and sometimes hard corals.

he epibenthos had an associated fauna of fish and inverte-
rates. These patches of epibenthos were akin to ‘islands’ of
igh diversity surrounded by areas bare of much structure. The
pibenthos patches were often encountered on slightly raised
eabed, and video transects indicated they covered about 5% of the
eabed.

During the experimental treatment phase on the impact plots,
7.7 t of benthic biota was caught in the nets towed by the research
rawlers (Fig. 4). About five times more benthos (32 t) was removed
rom the shallow plots compared to the deeper plots (5.7 t). Despite
he large total amount removed, the density of benthos removed
y the trawlers was only 15.7 kg ha−1 in the shallow plots and
.8 kg ha−1 in the deep plots.

The biomass of several benthic groups differed significantly

etween depths (Table 5). Some of these differences were large:
or example, bivalves dominated in shallow plots but were almost
bsent in deep plots; bryozoans were more abundant in deep plots.
ther differences were relatively minor: for example, slightly more
orgonians were sampled from shallow than deep plots. Neverthe-

able 5
he frequency of occurrence, and density of various benthic classes on deep and shallow
ensity in dredge samples from deep plots (p < 0.05), S indicates higher density in shallow
f the relative catchability of benthic invertebrates by the prawn trawl was provided by th

lass Benthic dredge Prawn

Occurrence (%) Density (kg ha−1) Occurr

Deep Shallow

lgae 100 53.9 N 75.4 96
orifera 89 48.7 N 42.8 90
ydrozoa 85 5.4 D 1.7 67
ennatulacea 13 0.1 N <0.1 19
orgonacea 69 3.9 S 4.7 90
lcyonacea 77 11.1 D 2.6 83
oantharia 97 13.6 S 39.1 75
rustacea 97 3.6 N 3.8 100
astropoda 73 1.0 N 1.7 58
ivalvia 76 0.7 S 219.4 76
ephalopoda 27 0.3 N 0.9 92
ryozoa 87 19.5 D 1.1 61
rinoidea 92 8.1 S 16.4 86
steroidea 90 5.7 S 24.7 51
chinoidea 62 1.4 N 1.1 42
olothuroidea 61 2.1 S 12.6 64
phiuroidea 97 2.2 N 1.7 88
scidiacea 86 34.8 D 6.3 74

otal 216.1 456.0
Fig. 4. The amount of benthos material, by benthos class, removed from treatment
plots by both trawlers during the experimental trawling impact phase. The category
“Others” includes algae, ascidians, hydroids and gorgonians.

less, the small significant difference demonstrates the potential
power of the experiment. Most classes of benthos, except for
cephalopods and marine plants, were found in at least 70% of the 141
dredge hauls. Two types of benthos were sampled by the dredge:
sessile forms (e.g. algae, ascidians, bryozoans, hydrozoans, octoco-
rals, sponges, zoantharians) and mobile discrete animals. Bivalves
(mostly the small oyster Pinctada sp.) accounted for about half of
the sampled biota; algae and sponges were the next most abun-
dant; the remaining classes each accounted for a few percent. At
the species level, the benthic invertebrate fauna was diverse, with
565 invertebrate taxa identified from the benthic dredge and 506
from the prawn trawl.

The fish fauna was also diverse; 190 species of fish were iden-
tified in 105 fish trawls during surveys of controls or impact plots
pre-treatment and the prawn trawl yielded 218 species from 108

trawls. Although diverse, the fish fauna was dominated by only a
few species. For example, Lethrinus genivittatus, was the most abun-
dant species overall, making up 23% of the fish biomass in fish trawls
and 22% in prawn trawls.

control plots from 71 benthic dredge tows and 72 prawn trawls. D indicates higher
plots (p < 0.05), and N indicates no statistically significant difference. An estimate

e ratio of prawn trawl to benthic dredge densities.

trawl Relative catchability of prawn trawl (%)

ence (%) Density (kg ha−1)

Deep Shallow

0.2 0.1 <1
2.7 2.4 6

<0.1 <0.1 <1
<0.1 <0.1 7

0.2 0.1 3
2.5 0.3 20
0.5 1.3 3
1.5 1.4 38

<0.1 0.1 7
<0.1 1.6 <1

0.2 0.2 35
0.1 <0.1 <1
0.1 0.2 1
0.1 0.4 1
0.1 0.1 5
0.1 1.1 8
0.1 0.2 9
0.1 0.2 <1

8.6 9.8 3



176 C.R. Pitcher et al. / Fisheries Research 99 (2009) 168–183

Table 6
Probability values for interactions involving Impact (I) and sampling Time (T) in the BACI ANOVA of weights (Wt) and numbers (No) for species/taxa for which p ≤ 0.05.
D = Depth, S = Season. Based on 141 dredge, 144 prawn trawl or 140 fish trawl samples.

Wt, No IT IDT IST ISDT

Dredge invertebrates
Gorgonacea Wt 0.036
Cephalopodea Wt/No 0.035/0.022
Crinoidea Wt 0.027
Caulerpa racemosa Wt 0.037 0.022
Caulerpa cupressoides Wt 0.035
Halimeda opuntia Wt 0.015
Halimeda tuna Wt 0.034
Hydroid 5 Wt 0.010 0.017
Gorgonian 7 Wt 0.020
Dardanus imbricata Wt 0.004
Bryozoan 2 Wt 0.018
Crinoid 4 Wt 0.045
Asteroid 14 Wt 0.041
Metrodira subulata Wt 0.026
Sea urchin 6 Wt 0.031
Laganum sp. 3 Wt 0.025
Brittle star 34 Wt 0.045
Didemnid 17 Wt 0.027
Perophora sp. Wt 0.017

Prawn trawl invertebrates
Asteroidea Wt 0.045

Prawn trawl fish species
Apogon brevicaudatus Wt 0.032
Apogon semilineatus Wt/No 0.047/0.031
Arothron hispidus No 0.026
Choerodon vitta Wt/No 0.035/0.035
Dacyloptena orientalis Wt/No 0.026/0.042 0.032/0.020 0.026/0.042
Dasyatis leylandi Wt/No 0.027/0.023 0.046
Inimicus caledonicus Wt/No 0.018/0.038
Lactoria cornuta Wt 0.036
Paracentropogon longispinus Wt/No 0.031/0.021
Paramonacanthus choirocephalus Wt 0.033
Pterocaesio digramma No 0.010 <0.001 0.001
Selaroides leptolepis No 0.029
Siganus fuscescens Wt/No 0.026/0.009

Fish trawl fish species
Parachaetodon ocellatus Wt/No 0.044/0.045
Parupeneus heptacanthus Wt 0.024
Pentapodus paradiseus Wt/No 0.026/0.018
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Pterocaesio digramma No
Rhynchostracion nasus Wt/No
Trachinocephalus myops No

.2. Interactions involving Impact and sampling time

The key results of interest in a BACI experiment are the
mpact × Time (I × T) interactions for each of the taxa analysed.

trawl impact would be detected as a significant negative IT
nteraction. However, they must be considered in the context of
he higher-order interactions. Table 6 shows all benthic inver-
ebrate species or classes and fish species for which there was

significant impact by time interaction—in the form of either
two-way (IT), three-way (IDT, IST) or four-way (ISDT) inter-

ction. Nineteen taxa in the benthic dredge samples showed
ignificant impact interaction effects; however, most of these had
t least one significant three-way or four-way effect. The IDT
nteraction was significant for gorgonians and four other dredge
axa, indicating that the effect was different in deep and shal-
ow plots, four taxa had significant IST interactions indicating
hat the effect was different in each season, and for nine taxa a
our-way impact effect indicated that the effect was different in

ach depth and season. Only two dredge taxa (Caulerpa cupres-
oides and Asteroid 14) had an unambiguous IT effect without
ignificant higher-order interactions. In the prawn trawl sam-
les, asteroids showed a four-way effect. Thirteen fish species
ampled in prawn trawls and six in fish trawls with significant
0.049
0.018/0.038
0.037

impact interaction effects showed similar results; most had sig-
nificant three-way or four-way effects. Only three prawn trawl
fish species (Apogon brevicaudatus, Paracentropogon longispinus and
Paramonacanthus choirocephalus) and one fish trawl species (Pen-
tapodus paradiseus) had a significant IT effect but no significant
higher-order effects. Pterocaesio digramma numbers had a signif-
icant three-way interaction in both prawn and fish trawl. None of
the prawn species sampled by the prawn trawl showed any impact
interaction effects.

3.3. Estimated impact effects

The estimated impact effects for two-way and three-way impact
interaction components that were both the dominant interaction
and statistically significant are given in Table 7. Components of
four-way interactions have been omitted due to space; they are
also hard to interpret. Three-way interactions involving depth were
more numerous than those involving season. Ten species or taxa

showed opposite impact effects in shallow plots compared with
deep plots, and many of the contrasts were not significant. Seven
species or taxa showed opposite impact effects in the two seasons,
and again most of the contrasts were not significant. The impacts
were divided almost equally between positive and negative, and
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Table 7
Mixed model estimates of Impact interaction effects (log10 scale) for benthic class or species with a two-way or three-way interaction involving Impact and sampling Time
that was both the dominant interaction and statistically significant. BD = benthic dredge, PT = prawn trawl, FT = fish trawl. Non-significant effects are indicated by ns.

Fauna Device Response variable Overall percent
occurrence

Impact interaction
component

Impact effect (log10) S.E. Percent change

Impact × Time interaction (IT)
Asteroid 14 BD Wt 22 −0.39 0.18 −59
Caulerpa cupressoides BD Wt 74 0.56 0.24 260
Apogon brevicaudatus PT Wt 63 0.41 0.18 157
Paracentropogon longispinus PT Wt 24 −0.24 0.10 −42

No. −0.27 0.11 −46
Paramonacanthus choirocephalus PT Wt 67 −0.32 0.14 −52
Pentapodus paradiseus FT Wt 96 0.52 0.21 231

No. 0.54 0.20 247

Impact × Depth × Time (IDT)
Gorgonacea BD Wt 64 Deepns −0.60 0.41 −75

Shallowns 0.74 0.42 450
Bryozoan 2 BD Wt 38 Deep −0.65 0.28 −78

Shallowns 0.40 0.28 153
Gorgonian 7 BD Wt 35 Deepns −0.79 0.41 −84

Shallowns 0.70 0.41 405
Perophora sp. BD Wt 22 Deep −0.90 0.28 −88

Shallowns 0.15 0.28 42
Sea urchin 6 BD Wt 33 Deepns 0.18 0.26 50

Shallow −0.70 0.26 −80
Dasyatis leylandi PT Wt 44 Deepns 0.23 0.34 70

Shallow −0.95 0.34 −89
No. Deepns 0.09 0.14 23

Shallow −0.41 0.14 −61
Inimicus caledonicus PT Wt 23 Deepns 0.26 0.19 82

Shallow −0.44 0.19 −64
No. Deepns 0.18 0.13 51

Shallowns −0.22 0.13 −40
Lactoria cornuta PT Wt 15 Deepns −0.11 0.27 −22

Shallow 0.76 0.27 475
Pterocaesio digramma PT No. 38 Deepns 0.09 0.22 23

Shallow −0.63 0.22 −77
Pterocaesio digramma FT No. 13 Deepns 0.32 0.23 109

Shallowns −0.36 0.22 −56
Siganus fuscescens PT Wt 40 Deepns 0.28 0.30 91

Shallow −0.77 0.30 −83
No. Deepns 0.15 0.14 41

Shallow −0.43 0.14 −63

Impact × Season × Time (IST)
Caulerpa racemosa BD Wt 56 Dryns −0.05 0.27 −11

Wet 0.91 0.26 704
Crinoidea BD Wt 32 Dryns −0.67 0.36 −79

Wetns 0.44 0.36 177
Didemnid 17 BD Wt 19 Dry 0.42 0.18 165

Wetns −0.19 0.18 −35
Halimeda tuna BD Wt 79 Dryns −0.49 0.37 −67

Wetns 0.71 0.36 409
Hydroid 5 BD Wt 55 Dryns 0.50 0.26 216

Wet −0.56 0.25 −72
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Parupeneus heptacanthus FT Wt 40

Selaroides leptolepis PT No. 49

he magnitudes of the impact were approximately similar in both
irections (Table 7).

Of the 39 species or taxa showing an Impact-interaction
Table 6), only six of these showed a consistent response on both
hallow and deep plots and in both seasons (i.e. IT only, Table 7).
mong the dredge taxa, Asteroid 14 showed a moderate decrease
nd the algae C. cupressoides showed a strong increase. Of the fish
pecies, A. brevicaudatus and P. paradiseus, showed positive effects
ndicating a significant increase, possibly suggesting movement
nto disturbed areas, whereas P. longispinis and P. choirocephalus

howed decreases.

The overall estimated impact effects and percentage changes
f all benthos classes sampled by the dredge and prawn trawl are
iven in Table 8 and Fig. 5. None of these effects were statistically
ignificant, and the mean effects were again divided almost equally
Dry 1.02 0.50 947
Wetns −0.72 0.49 −81
Dry 0.34 0.12 119
Wetns −0.06 0.12 −13

between positive and negative. About half the groups were not con-
sistent between the two gear types, and of those that were more
than half were positive. Sessile benthos did not appear to show
more consistent negative effects.

Of the 300 species or taxa analysed, only 6 showed unambiguous
statistically significant impact effects; of which 3 were positive and
3 were negative. Despite so few significant effects being detected –
fewer even than expected by chance (<5%) – the BACI experiment
was approximately as powerful as designed. The a posteriori power
showed that for some classes the experiment was somewhat more

powerful than designed, whereas for others it was slightly less;
most were very similar (Table 9). In most cases (70%) a change of
less than −80% was detectable (median ≈ −75%) and in all cases the
experiment was capable of detecting less than 10× (−90%) changes
(range = −34% to −89%).
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Table 8
Mixed model estimates of the overall treatment Impact effect (log10 scale), standard error of the estimate (S.E.) and the estimated percentage change in biomass of the various
benthic groups. The table is based on data from 141 benthic dredge hauls and 144 prawn trawls.

Group Dredge hauls Prawn trawls

Percent occurrence Effect log10 S.E. Estimated change (%) Percent occurrence Effect log10 S.E. Estimated change (%)

Algae 99 −0.01 0.22 −2 96 0.24 0.17 74
Porifera 92 0.07 0.31 17 83 0.40 0.37 151
Hydrozoa 75 −0.06 0.21 −13 67 0.11 0.11 29
Pennatulacea 13 0.08 0.10 20 14 −0.02 0.07 −5
Gorgonacea 65 0.07 0.29 17 90 0.42 0.28 163
Alcyonacea 74 −0.10 0.36 −21 81 0.30 0.37 100
Zoantharia 97 0.16 0.22 45 66 −0.06 0.27 −13
Bivalvia 98 −0.23 0.16 −41 100 0.07 0.10 17
Bryozoa 83 −0.35 0.21 −55 56 0.05 0.16 12
Crustacea 84 −0.27 0.33 −46 76 0.41 0.23 157
Gastropoda 29 0.28 0.24 91 91 0.14 0.25 38
Cephalopoda 85 −0.03 0.21 −7 60 0.27 0.15 86
Echinoidea 94 −0.18 0.18 −34 86 −0.08 0.21 −17
Crinoidea 92 0.15 0.31 41 51 0.20 0.27 58
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olothuroidea 74 −0.12 0.30 −24
phiuroidea 74 0.32 0.33 109
steroidea 96 −0.09 0.16 −19
scidiacea 84 −0.02 0.25 −5

.4. Relative catchability of the prawn trawl

The relative catchability of the prawn trawl, compared with the
er area catch-rate of the dredge, was highest for crustaceans, fol-

owed by cephalopods and alcyonarian soft corals (Table 5). The
elative catch-rate for all other groups was less than 10% and vari-
ble. This suggests that a prawn trawl was not a good sampling
evice for most benthic organisms and hence would not be likely
o provide a representative indication of the composition of the
enthos. The dredge was more likely to have sampled closer to the
rue abundance of benthic fauna on the seabed, but it too probably
id not measure absolute abundance and was likely to have biases

n sampling efficiency of various groups.

. Discussion

While substantial total quantities of benthic biota were collected
n the trawls during the treatment phase of this BACI experi-
ent, the impact of a single swept coverage of a prawn trawl in
diverse inter-reef area with patches of structural epibenthos such
s sponges, soft corals and gorgonians was considerably less than
he order-of-magnitude impact that previously had been reported
or fish trawling, or was commonly thought, at the time (see ref-

ig. 5. Estimates of the overall treatment Impact effect (±2 × standard error) for the vario
he average detectable affect size for each device. This figure is based on data in Table 8.
33 0.03 0.19 7
63 0.30 0.28 100
83 −0.15 0.25 −29
64 −0.09 0.31 −19

erences in Section 1). When designing for the experimental power
necessary to detect trawl impact, guidance was provided by impact
levels of 10× or more reported in the few prior studies, particularly
Sainsbury (1987) and Sainsbury et al. (1992). Ultimately, the exper-
iment would have been able to detect effects of about 5× (−80%)
if they had existed. Further, consideration was given to the need
to demonstrate substantive change. Others had pointed out that
merely detecting some difference in an ecosystem is not enough to
indicate an impact or even a meaningful change (e.g. Fairweather,
1993). For example, on coral reefs, Connell (1997) suggested on the
basis of an extensive review, that a decline in coral cover of less than
33% was not ecologically significant.

Other than Sainsbury et al’s (1992, 1997) video observations
from a camera mounted on a fish trawl net – showing that although
95% of sponges passed under the trawl, most were detached, leading
to their conclusion that 90% of sponges were removed by the pass of
a single trawl – there are few in situ experimental studies that have
estimated the degree of impact of single otter trawls. Wassenberg et

al. (2002) conducted a similar study to Sainsbury et al., in the same
region, and found mean sponge removal of 13.8% and also showed
that larger lump sponges were removed at a higher rate (27%) than
smaller or branched sponges (15%), or octocorals (4%). Van Dolah
et al. (1987) conducted a before and after experiment and found

us benthic groups in (a) benthic dredge and (b) prawn trawl. The dashed lines show
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Table 9
A priori and a posteriori estimates of detectable impact for benthos classes in dredge
and prawn trawl, shown as the estimated percentage by which the original popu-
lation had to be decreased for a change to be detected. Power was set at 80%, for a
(lower) one-tailed significance test of size ˛ = 0.05.

Species group Detectable change (%)

Dredge Prawn

A priori A posteriori A priori A posteriori

Algae −73 −34 −64
Porifera −92 −84 −94 −89
Hydrozoa −84 −72 −70 −48
Pennatulacea −45 −34

Octocorallia −75 −78
Gorgonacea −83 −81
Alcyonacea −89 −89

Zoantharia −69 −73 −43 −80
Bivalvia −62 −62 −48 −45
Bryozoans −86 −72 −13 −62
Decapoda −60 −86 −31 −75
Gastropoda −65 −76 −12 −78
Cephalopoda −50 −72 −63 −59
Echinoidea −85 −66 −66 −72
Crinoidea −79 −84 −70 −80
Holothurioidea −89 −84 −77 −68
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mittee on Ecosystem Effects of Fishing (Steele et al., 2002).
phiuroidea −81 −86 −53 −81
steroidea −71 −62 −80 −78
scidiacea −73 −78 −58 −84

ome statistically significant decreases in the number of undam-
ged sponges (about 33%) and octocorals (about 20%) counted by
ivers immediately after the single pass of a roller trawl through
single site with high density of these epibenthos. The number of

otal removals was not reported, but numbers and condition had
eturned to un-impacted levels 1 year later. Freese et al. (1999)
onducted a control and impact experiment and found some statis-
ically significant decreases in the number of undamaged sponges
about 42% overall) and octocorals (about 57%) counted from video
aken by a submersible immediately after the single pass of a
ottom trawl along eight separate short paths, compared with adja-
ent untrawled transects. Again, the significance of the difference
n total numbers, due to removal, was not reported. Moran and
tephenson (2000) conducted a multiple BACI experiment, anal-
sed by regression, and found a statistically significant removal
ate of large sponges (15.5% per trawl) counted from towed video
aken on five occasions immediately after each of four coverages of
standard fish trawl.

These in situ results contrast with the comparisons herein
etween trawl and dredge catch rates that were indicative of an
verall removal of total biomass by the prawn trawl of about 3%;
he relative removal for sponges was about 6% and for all octocorals
bout 13%. The difference between these inferred effects and the in
itu results above may have been because those authors generally
bserved the impact specifically on larger sessile epibenthos that
ppear to be more vulnerable to trawling, whereas the trawl ver-
us dredge comparisons here included all sizes. Further, the in situ
bservations were based on counts of damage or removal on the
eabed, whereas the comparisons here were based on catch rates
which, for sponges, corresponded closely with the 5% of Sainsbury
t al., 1992). Catch in trawls probably underestimated the extent of
he impact since, as Sainsbury et al. (1992) observed, the amount
f benthos captured in a trawl net was only a small fraction of the
enthos that may be dislodged or damaged by the trawl ground
ear. However, the BACI was also sampled before and after with an

pibenthic dredge, which was a much more effective sampler of
enthos and should have detected a difference if a large impact had
ccurred. Nevertheless, the effect sizes of the above in situ obser-
ations were less than the detectable limits of the BACI experiment.
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Although the impact of the BACI single trawl experiment was
not significant, it is likely that impacts compound with repeated
trawling and become large enough to be detectable. The subse-
quent GBR repeat-trawl depletion experiment in 1995 ultimately
demonstrated that the per-trawl removal rates of sessile epifauna
were in the order of 12% for sponges, 15% for gorgonians, and 9–11%
for other sessile fauna (Burridge et al., 2003). A follow-on project
that measured recovery (Pitcher et al., 2008) also measured in situ
impacts, which were comparable overall though somewhat lower
for gorgonians, larger for sponges and larger again for hard corals.

A broader context for the BACI experiment results is provided by
a meta-analysis by Collie et al. (2000) and another by Kaiser et al.
(2006). Together, these showed that the effect sizes for otter trawl-
ing generally were less than for other forms of trawling – in the
order of −35% – and less in sandy habitats. While this generalised
estimate is more than the in situ removals or depletions for ses-
sile fauna cited above, it is still less than the 10× expectations of
the early 1990s. These meta-analyses did not separate studies on
prawn trawls from those on other types of otter trawls designed to
target fish, nor did they separate effects on infauna from epifauna, or
report interactions. Typically, commercial prawn trawling occurs on
silty habitats, often bioturbated with little natural emergent fauna
and the ground gear is light; whereas fish otter trawls are typically
larger, with heavier ground gear capable of being towed over more
structured habitat where larger fish are more abundant and ses-
sile fauna may naturally occur. Other types of trawls, such as Dutch
beam trawls and scallop dredges are designed to penetrate the sed-
iments and may be expected to affect the infauna more than otter
trawls. The published literature was searched to examine the avail-
able information on these two factors. The search was restricted to
controlled trawl experiments, particularly those where the effects
could be re-computed as per-trawl rates if the coverage was more
than 1 trawl (assuming proportional, i.e. log-linear, removal), and
also to provide information on design of these experiments.

This search was not intended to be fully comprehensive, but
returned 30 experimental studies (Table 10). There appeared to be
no other directly comparable experiments on the direct effects of
prawn trawls on epifauna, other than the subsequent GBR repeat-
trawl experiment (Burridge et al., 2003). The three other prawn
trawl studies focussed on infauna: about half to two-thirds of
the observed effects were negative but only one test (−2%) of
many was significant; mean effect sizes were approx. +13%, −1%
and −6.5% per trawl. Casting across the other studies (Table 10),
there is enormous variation in the results obtained and, though
no summary-level comparisons were significant, the following
trends by trawl-type and fauna-type were apparent. Typically, half
to two-thirds of the observed effects were negative, though only
about a quarter of negative effects were significant. Generally, the
most negative study mean effects were for infauna trawled by
scallop dredges (−11.5%/trawl ± SE6.4), followed by beam trawls
(−7.5%/trawl ± SE7.8). For epibenthos, the most negative study
mean effects were for fish trawls (−6%/trawl ± SE6), followed by
beam trawls (−5%/trawl ± SE11). The worst case negative effects
seemed to be associated with the scallop dredges, where the mean
of largest significant negative effects was −49% ± 14 per trawl for
infauna and −57% ± 17 for epibenthos, followed by fish trawls
(−44% ± 17; −38% ± 13). The mean and worst case effects for prawn
trawls, in general, appeared to be less than the other gear types.
Clearly, the effects of trawling are complex and dependent on gear
type, habitat type and natural disturbance regime, as noted in the
meta-analyses cited above and in reviews such as that of the Com-
Twelve of the 30 experimental studies (Table 10) reported on
recovery in some way. Just over half of these observed recovery in
≤6 months—the others by 6–18 months. Similar results were seen in
the two meta-analyses. The GBR BACI experiment was re-sampled
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Table 10
Metadata from 30 effects of trawling experimental studies: Scale (ha), Depth (m), experiment type (B = before, A = after, C = control, I = impact; R = number of replicates, S = number of sampling occasions), trawl type (SD = scallop
dredge, BT = beam trawl, OT = otter trawl), coverage (stated or estimated number of times trawled), biota type (I = infauna, E = epibenthos, M = meiofauna), response (A = abundance, B = biomass, Uf = undamaged fauna) variable, days
after = time after impact when samples collected days, total n = sample size (analysed), number of taxa observed (analysed), % −ve = percent of observations negative, % sig −ve = percent of observations negative and significant,
effect per trawl: mean (range for sig −ve effects), recovery observed (months), power analysis (prior = used to guide experimental design, post = used to assess power of results).

Authors Scale Depth Substratum type Experiment type Analysis type Trawl type Coverage Biota type Observation method

Eleftheriou and Robertson (1992) 0.06 10 Sandy BAI, 1 R, S 5× None SD 25 Mobile E Divers
Eleftheriou and Robertson (1992) 0.06 10 Sandy BAI, 1 R, S 5× Kruskal–Wallis SD 25 I Grab
Thrush et al. (1995) 0.28 24 Fine sand 2× BACI, 1 R, S 3× 2-Way ANOVA ACI SD 1 I Divers/cores
Currie and Parry (1999) 216 12–16 Sand, fine sand, silt 3× BACI, 1 R, S 2–8× BACI ANOVA SD 2.4 E Epibenthic sled
Bradshaw et al. (2001) 10 25–40 Mud, sand, gravel BACI, 2 Rs, S 6× ANOVA ACI SD ∼8–11 I Grab
Watling et al. (2001) 0.5 15 Silty-sand BACI, 1 R, S 6× Kruskal–Wallis SD ∼4.6 I Diver cores 10 cm
Hall-Spencer et al. (1999) 0.4 25 Sand BAI, 1 R, S 2× Mann–Whitney U-test Rapido SD <1> E Video sled
Pranovi et al. (2000) <0.25 24 Sandy BAI, 1 R, S 3× Mann–Whitney U-test Rapido SD 1 I Diver suction lift
Robinson et al. (2001) 2 4–12 Boulders 2× BACI, 1 R, S 5× Students t-test, ANOVA SD (urchin) ∼1.8 E Diver quadrats 0.5 m
Dolmer et al. (2001) 0.16 7 Fine sand BACI, 2 Rs, S 3× Mann–Whitney Mussel dredge ∼1 I Grab
Bergman and Hup (1992) 4 30 Packed sand BAI, 1 R, S 3× Mann–Whitney U-test Dutch BT 3 I Box core
Bergman and van Santbrink (2000) ∼216 Coast-45 Sandy, silty BAI, 6 Rs, S 2× Pairwise t-tests Dutch BT and OT ∼1.5 I|E Box core|sled
Schratzberger et al. (2002) 12 39,59 Muddy sand 2× BACI, 1 R, S 4, 5× BACI ANOVA BT 1 M Cores
Kaiser and Spencer (1996) ∼30 26–34 Sand/stable|mobile ACI, 10 Rs, S 2× Pairwise t-tests BT ≥10 I Grab
Kaiser et al. (1998) ∼30 26–34 Sand/stable|mobile ACI, 10 Rs, S 2× ANOVA and t-tests BT ≥10 E Epibenthic sled
Sparks-McConkey and Watling (2001) 2–3 60 Muddy silt/clay BACI, 1 R, S 9× Mann–Whitney Whiting OT ∼2–4 I Grab
Sanchez et al. (2000) 16 30,40 Muddy BACI, 2 Rs, S 4, 5× ANOVA and t-tests Fish OT 1.2 I Grab
Moran and Stephenson (2000) ∼80 50–55 Coarse-sand BACI, 2 Rs, S 5× Regression Fish OT 4 Sessile E >20 cm Video sled
Van Dolah et al. (1987) 1 20 Sand over rock BACI, 1 R, S 3× 1-Way ANOVA BA in I Roller rigged OT 1 Sessile E >10 cm Divers
Brylinsky et al. (1994) ∼3 Intertidal Silty/coarse-sand ACI, 3 Rs, S 12× 2-Way ANOVA ACI Roller rigged OT 1 I Cores at low tide
Tuck et al. (1998) ∼70 30–35 Fine sand/silt ACI, 1 R, S 6× 2-Way ANOVA ACI Rockhopper OT ∼1.5 I Grab
Tuck et al. (1998) ∼70 30–35 Fine sand/silt ACI, 1 R, S 6× 2-Way ANOVA ACI Rockhopper OT ∼1.5 Mobile E U/W video
Freese et al. (1999) ∼2 206–274 Pebble, cobble,

boulder, silt
ACI, 8 Rs, S 1× Wilcoxon’s signed-ranks Rockhopper OT 1 E Submersible/video

Kutti et al. (2005) AFSS 40 85–101 Shell, sediment,
boulders

BACI, 1 R, S 2× 1-Way ANOVA, Mann–Whitney Rockhopper OT 2 E Epibenthic sled

Prena et al. (1999) ∼390 120–146 Fine sand BACI, 2 Rs, S 5× 3-Way ANOVA Rockhopper OT ∼5–14 E Epibenthic sled
Kenchington et al. (2006) 30 70 Pebble, cobble,

gravel, sand
BACI, 3×C and 1×I, S 8× Asymmetric BACI ANOVA Rockhopper OT ∼5–16 I|E Videograb|video tow

Gibbs et al. (1980) <∼5 Shallow Silt/clay BACI, 1×C and 3×I, S 3× ANOVA Prawn OT ? I Grab
Hansson et al. (2000) ∼40 75–90 Clay BACI, 3 Rs, S 8× “Beyond” BACI ANOVA Shrimp OT ∼12–24 I Grab
Drabsch et al. (2001) ∼56 20 Sand, silt BACI, 3 Rs, S 2× BACI ANOVA Prawn OT ∼2 I Diver cores 40 mm
Burridge et al. (2003) ∼60 15–55 Silty-sand,

coarse-sand
Repeat-trawl depletion Maximum likelihood model Prawn OT ≥10 Sessile and mobile E Prawn trawl

This study 8150 15–55 Silty-sand,
coarse-sand

BACI, ‘12’ Rs, S 2× BACI ANOVA Prawn OT 1 Sessile and mobile E Sled, prawn and fish OT

Authors Response Days after Total n Number of taxa % −ve % sig −ve Effect per trawl Recovery Power analysis?

Eleftheriou and Robertson (1992) A <1 5 ∼15 ∼67 <5 −2.5% (−5 to −10%) – No
Eleftheriou and Robertson (1992) A and B <1 15 83(5 grps) 0 – No
Thrush et al. (1995) A <1,90 126 ?(19) ∼73 ∼34 ∼−15% (∼−32 to −69%) 63%, 3 No
Currie and Parry (1999) A <7,22,110,180,240 144 12(3) ∼66% ∼22 −11% (−7 to − 29%) ≤12 Post
Bradshaw et al. (2001) A <60 384(96) >44(?) ∼23 0 ∼+15% (n/a) – No
Watling et al. (2001) A 1,120,180 65 11(6) ∼83 ∼50 ∼−15% (∼−14 to −43%) ∼4 No
Hall-Spencer et al. (1999) A <1 5 ∼24(14) ∼71 ∼50 ∼+26% (∼−25 to −95%) – No
Pranovi et al. (2000) A 1,7 16 167(9) ∼60 ∼33 ∼−39% (∼−50 to −90%) ∼1 week No
Robinson et al. (2001) A 1,90,180 2700 31(9) ∼27 ∼6 ∼+47% (∼−13 to −95%) 3–6 No
Dolmer et al. (2001) A <1,7,40 108 52 ∼68 ∼16 ∼−15% (∼−54 to −94%) – No
Bergman and Hup (1992) A <1,14 96(48|20) 50(∼18) ∼59 ∼30 −5.5% (−15 to −30%) – No
Bergman and van Santbrink (2000) A 1 80|70? ∼40(16)|?(24) 100|93 31|33 −11% (−13 to −22%)|−12% (−2 to −53%) – No
Schratzberger et al. (2002) A 1,31,181,392 144 16(2) ∼75 ∼12 ∼ −4.6% (∼−8.2%) 6–12 Post
Kaiser and Spencer (1996) A <1 80 >70(20) 90|45 45|0 −9% (−7 to −32%)|−3% (na) – No
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6 months after the impact; it is possible that the absence of sig-
nificant effects was also indicative of recovery having occurred, in
addition to the effect size versus detectable limits issue. Many of the
published studies had re-sampled within one or a few days post
impact, and while most of them observed some significant neg-
ative immediate direct effects, sometimes quite large, they often
also observed some significant large positive effects—noting that
these were typically scavengers responding to the disturbance and
possibly adding to the short term mortality of other species. This
mix of short term positive and negative effects may have added to
the confusion over the significance or otherwise of the effects of
trawling. Ideally, the opposing responses should be clearly identi-
fied and separated in analyses of short term experiments. The GBR
BACI experiment avoided these transient effects by re-sampling
6 months after, because the interest was in changes (including
delayed mortality) that would be maintained for at least a period
of time that was meaningful in terms of management.

The 30 experimental studies (Table 10) also demonstrated a
variety of experimental approaches, including other BACI experi-
ments, BAI (no Control), and ACI (no Before), with different levels
of replication (often 1, sometimes 2–3, and up to 12) and numbers of
sampling occasions. As outlined in the introduction, Underwood’s
series of papers criticised the original single BACI design because
it was pseudo-replicated and spatiotemporally confounded. About
half the trawl experiments (Table 10) had only one replicate, and
almost half lacked either controls or before sampling. From the
point of view of experimental logic, as noted by Underwood, such
studies cannot attribute any effects to the treatment under inves-
tigation. Further, of the experiments implemented as a BACI, less
than half conducted a BACI model ANOVA analysis, potentially with
similar consequences for the logic of interpretation. Thus, <15%
of these experimental studies meet the requirements for logical
attribution of effects raised by Underwood and earlier by Hurlbert
(1987). Lindegarth et al. (2000) have also discussed these exper-
imental design issues in effects of trawling experiments and, by
re-analysing their own 3× replicated BACI experiment as a series
of 1× replicated BACI experiments, they empirically demonstrated
the reality of the risks of confounding.

Trawling is a large scale activity and was generally thought to
have large scale impacts. The BACI experiment was intended to
examine the question of state change of trawled areas at scales large
enough to be relevant to the broad areas trawled with low intensity
by the fishery in the region. In this respect, at >8000 ha it was the
largest of the studies (Table 10); the next largest in scale were in
the range of 200–400 ha, half the experiments were <10 ha and a
quarter were <1 ha.

Few other studies reported using a priori power analysis to assist
with experimental design and none reported using cost-benefit
analyses to assist with finding an optimal balance between num-
ber of experimental plots (trawled and controls) versus numbers
of replicate samples to take within plots. These tools are readily
available and help find the most powerful design for any given
resources—or more appropriately, the resources needed for an
experiment to detect a pre-defined ecologically substantive effect
size. These are key issues in the design of trawl impact experiments
where the statistical power comes primarily from the number of
experimental plots, rather than the numbers of samples taken from
within plots.

Putting aside the experimental design issues, given the effect
sizes that have been observed by other studies since the early
1990s, the results of this BACI experiment were not particularly

atypical. Thus, the effects of a single prawn trawl were not “large”
sensu Cohen (1988). Further, in the GBR in 1996, the year of highest
trawl effort, approximately 52% of recorded trawl grounds was not
trawled (Pitcher et al., 2000), and about 30% was trawled only once.
Consequently, over the majority of area of the GBR, where trawling
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as sparse and infrequent, the effects may be undetectable and not
ignificant. However, while most area was trawled sparsely, most
ffort was highly aggregated (Pitcher et al., 2000; similar to other
sheries, e.g. Rijnsdorp et al., 1998; Deng et al., 2005) and repeated
rawling has been shown to have significant cumulative impacts
Burridge et al., 2003; others Table 10). Consequently, continued
rawling over the same area may generate long-term changes in
enthic communities (Collie et al., 1997), especially if it exceeds
he ability of populations to recover. Likely changes could include
he removal of the most vulnerable forms and leaving those more
esilient (Pitcher et al., 2000). Nevertheless, the area affected by
ntense trawling was small in the GBR; the total area trawled as fre-
uently as the subsequent repeat-trawl experiment (13×, Burridge
t al., 2003) was less than about 0.5% of recorded trawl grounds.
f the distribution of intense trawl effort coincided with the dis-
ribution of vulnerable biota then substantive ecological impacts
robably occurred—if these distributions did not coincide then
ffects were likely to have been minor.

In order to make progress with the effects of trawling issue,
itcher et al. (2000) suggested there is now a need to scale up
esults of small direct impact experiments – and the spatial and
emporal mosaic of trawl impacts of width m’s to 10’s m – to large
cale analyses of effort distribution and intensity, biotic distribu-
ion and abundance, by incorporating impact and recovery rates in
ynamic models such as those developed by Ellis and Pantus (2001)
nd by others (e.g. Duplisea et al., 2002; Hiddink et al., 2006). Such
odels have the potential to estimate overall regional impacts of

ast trawling at fishery scales and can assist future management by
valuating the potential environmental benefits of a range of man-
gement scenarios, as has recently been done for the GBR (Pitcher
t al., 2007), northern Australia (Dichmont et al., 2008) and Torres
trait (Ellis et al., 2008).
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