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bstract

The Queensland east coast trawl fishery is by far the largest prawn and scallop otter trawl fleet in Australia in terms of number of vessels, with
04 vessels licensed to fish for species including tiger prawns, endeavour prawns, red spot king prawns, eastern king prawns and saucer scallops
y the end of 2004. The vessel fleet has gradually upgraded characteristics such as engine power and use of propeller nozzles, quad nets, global
ositioning systems (GPS) and computer mapping software. These changes, together with the ever-changing profile of the fleet, were analysed
y linear mixed models to quantify annual efficiency increases of an average vessel at catching prawns or scallops. The analyses included vessel
haracteristics (treated as fixed effects) and vessel identifier codes (treated as random effects). For the period from 1989 to 2004 the models

stimated overall fishing power increases of 6% in the northern tiger, 6% in the northern endeavour, 12% in the southern tiger, 18% in the red spot
ing, 46% in the eastern king prawn and 15% in the saucer scallop sector. The results illustrate the importance of ongoing monitoring of vessel
nd fleet characteristics and the need to use this information to standardise catch rate indices used in stock assessment and management.
rown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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. Introduction

Harvest landings from the Queensland east coast otter trawl
shery (ECOTF) are in the order of 10–13 kilo-tonnes annu-
lly and worth approximately $100–150 million (AUD) at the
harf. With 504 vessels licensed at the end of 2004, the ECOTF

s by far the largest prawn trawl fleet in Australia in terms of
he number of vessels. The fishery is complex in nature target-
ng several species of prawns (mainly Penaeus spp., Melicertus
pp. and Metapenaeus spp.) and one main species of scallop
Amusium balloti). The ECOTF is characterised by identifiable
ectors that are largely based on target species and geographic
egions (Fig. 1).

Vessel characteristics change through the adoption of new

nd better technologies and fishing gear, and individual license
olders are free to target any sector they choose. Consequently,
nterpretation of the catch and effort statistics, and the use
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f these statistics for monitoring the status of the fishery and
eviewing the suitability of management arrangements are more
ifficult.

Catch and effort statistics are used as the basis of stock assess-
ents and management in many Australian fisheries (O’Neill

nd Leigh, 2006). Predictions based on raw data can be biased
ue to changes in the efficiency of fishing effort through time
nd between fishing operations or sectors. There is, therefore,
need to standardise catch and effort data to reduce biases and
ariability. Standardisation, accounting for factors affecting both
elative abundance and fishing efficiency, results in time series
f catch and effort data that are more representative of trends in
opulation abundance.

Several studies have focussed on standardisation of catch–
ffort data (Bishop et al., 2000, 2004; Hall and Penn, 1979;
’Neill et al., 2003; Robins et al., 1998; Salthaug and Godø,
001). Generalised linear regression models (GLM) have been
sed to estimate changes in relative fishing power and to stan-
ardise average catches in the Queensland trawl fishery (O’Neill

t al., 2003). They have also been used to quantify the effects
f global positioning system (GPS) on average catches in Aus-
ralia’s northern prawn fishery (Robins et al., 1998). Bishop et
l. (2000) further developed the analysis of Robins et al. (1998)

. All rights reserved.
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ig. 1. Spatial distribution of normalised (log transformed) catch rates for: (A)
aucer scallop; the darker shades indicate high catching areas. The horizontal lin
ectors.

y using generalised estimating equations (GEE) to account for
patial and temporal correlations in the data. A linear mixed
odel (LMM) for catches from Australia’s northern prawn fish-
ry ‘produced consistent results when compared with . . . other
andom vessel models’ (Bishop et al., 2004).

In recent years, the Queensland and Australian governments
ave addressed Queensland’s trawl fishing power increases by
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nd endeavour prawn, (B) red spot king prawn, (C) eastern king prawn and (D)
) at 16◦ S distinguishes the northern and southern tiger/endeavour prawn trawl

educing the total number of nights that vessels are allowed to
sh, through the use of penalties for vessel upgrades and sur-
ender provisions on licence and effort trading (Kerrigan et al.,

004). ‘Fishing power’ is the term used to describe the efficiency
f an average vessel at catching prawns or scallops. The con-
ept of reducing fishing time (measured in nights) according to
otential fishing power increases was implemented by fishery
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anagers to ensure that effective effort was capped in both the
shery and the Great Barrier Reef Marine Park (O’Neill and
eigh, 2006).

In this paper, linear mixed models are used to quantify fish-
ng power increases from 1988 to 2004. Since previous estimates
p to 1999 were published (O’Neill et al., 2003), a further com-
rehensive survey of fishing operators has been conducted and
everal more years of catch and effort data have been gathered.
ur methods and results further the application of linear mixed
odels in fisheries research and the calculation of annual fishing

owers for use in management.

. Methods

.1. Catch data

Analyses were based on compulsory daily logbook data
eported by individual vessels from 1988 to 2004 for their
atches of tiger prawn (Penaeus esculentus), endeavour prawn
Metapenaeus endeavouri), red spot king prawn (Melicertus
ongistylus), eastern king prawn (Melicertus plebejus) and
aucer scallop (Amusium balloti). The spatial resolution of
atches recorded was 30 × 30 min grids. All data were analysed
y vessel codes that identified the combination of vessel hull and
wner. Our analysis relates only to prawns recruited to offshore
sheries (i.e. greater than about 20 mm carapace length); this is
onsistent with stock assessments (O’Neill et al., 2005).

The fishing year for eastern king prawns and saucer scallops
as defined to start in November and end in October, to match

he cycle of fishing and recruitment to these fisheries (O’Neill
t al., 2005). The fishing year for tiger, endeavour and red spot
ing prawns was defined as a calendar year; this definition suited
he life-cycle and seasonal variation in fishing effort for these
pecies (O’Neill and Leigh, 2006). Estimates for the 2004 fishing
ear were based only on the months up to April; we consider
he results indicative for that year as the data covered the peak
shing months. O’Neill and Leigh (2006) describe the data in
ore detail.

.2. Vessel and fishing gear data

The analyses considered many different vessel characteristics
hought to affect fishing power. Information on when particular
shers adopted new devices and technologies was obtained from

wo purposely-designed surveys of past and present Queensland
COTF vessel owner/operators in 2000 and 2004. These data

epresented, from each trawl sector, a random set of vessels that
ad fished between 1997 and 2004. The surveys had participa-
ion rates of 85 and 84%, respectively, of the operators contacted
nd collectively covered about 60% of each sector’s harvest in
he later years (2002–2004). Further details on the survey ques-
ionnaire, coverage and sample sizes are given by O’Neill and
eigh (2006) and O’Neill et al. (2003, 2005).
Interviewees provided records of vessel characteristics dur-
ng personal (face-to-face) interviews. Changes in the following
haracteristics, and the date of each change, were recorded for
ach vessel; for the benefit of interviewees, the surveys used

e
i
c
o
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mix of metric and imperial measurement units, according to
revailing industry usage:

Engine power (HP), gear box ratio (reduction), average trawl
speed (knots), fuel capacity (litres), fuel consumption per
night (litres), propeller size (inches) and presence or absence
of a propeller nozzle.
Navigation equipment: presence or absence of global posi-
tioning system and plotters, computer mapping software,
sonar and colour sounder.
The use, position, type and size of try-gear; try-gear is a small
(1–3 fathom) net used for frequent 10–20 min sampling of
trawl grounds.
The type and use of by-catch reduction devices (BRD) and
turtle exclusion devices (TED).
Trawl net configurations: number of nets (single, double,
triple, quad or five nets), total net head rope length (fathoms)
combined for all nets, net mesh size (mm), type of ground
chain (fixed drop chain, drop chain with sliding rings, drop
rope and chain combined, looped chain or other less common
configurations), chain size (mm), type of otter board (Bison,
flat, Kilfoil, Louvre or other less common types) and size
(total board area = board length × width).

.3. Statistical analyses

Linear mixed models were applied using the method of
esidual maximum likelihood (REML) assuming normally dis-
ributed errors on the log scale (GenStat, 2005; Montgomery,
997). The response variable was the individual vessel daily
atch by species for a spatial area, measured in kilograms of
rawns or baskets of saucer scallops. The models included as
xplanatory variables the fishing year, month, spatial logbook
0 × 30 min grid square, lunar cycle, corresponding catches of
ther prawn or scallop species and the vessel’s gear character-
stics. Lunar variation in catches was modelled by a calculated
uminance measure ranging between 0 for new moon and 1 for
ull moon (Courtney et al., 2002). This luminance measure fol-
owed a sinusoidal pattern, and was also replicated and advanced
days (∼(1/4) lunar period) to provide an additional degree of

reedom for a potential time lag in the response of fisheries to
unar luminance. Together these patterns model a cyclic variation
n catches corresponding to new moon, waxing moon, full moon
nd waning moon phases, and allow the peak catch to occur in
ny one of these phases. The associated catches of other prawns
r scallops were included to adjust for catchability effects when
hey were caught with the main target prawn or scallop species.

The linear mixed model included both fixed and random
odel terms. Fixed terms were used for all of the explanatory

ariables described above. Random terms treat an attribute as
random selection from an overall population. Random terms

overed individual vessels in the trawl fleet. Mixed models mea-
ure multiple sources of variation in the data, thus providing

stimates of variance components associated with random terms
n the model. Mixed models have the advantage that the signifi-
ance of the fixed terms can be assessed considering more than
ne source of error, improving the accuracy of significance tests.
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he model was also able to measure changes in fleet profile not
overed by fixed effects, as vessels switched sectors or exited
he fishery; these were not modelled by O’Neill et al. (2003).

Definition of the model was as follows:

ogeC = X� + Z� + � (1)

where C is the vector of catches; � a vector of fixed terms
ncluding β0, �1, �2, �3 and �4, matrix-multiplied by data X
composed of X1, X2, X3 and X4); � a vector of random ves-
el terms with design matrix Z indicating which daily catches
elong to each vessel and � is a normally distributed error term.
arameter β0 is a scalar intercept, while �1, �2, �3 and �4 are
ector parameters for abundance, catchability, lunar phase and
ogarithms of corresponding catches of other species, respec-
ively. The abundance vector �1 consisted of categorical terms
or fishing grids, fishing years and months, and their two-way
nteractions. The catchability vector �2 included vessel charac-
eristics, navigation equipment, by-catch reduction devices and
rawl net configurations, of which some were categorical and
thers continuous; a log scale was used for the continuous terms.
he vector �3 consisted of a term for lunar luminance and one

or luminance advanced seven days. The fishing power com-
onents �2 and � were the exclusive focus of interpretation to
alculate annual changes in fishing power.

The statistical software package GenStat (2005) was used for
he analysis and provided asymptotic standard errors for all esti-

ates. Any influential correlations of parameter estimators were
ssessed and removed if necessary. The importance of individ-
al terms in the linear mixed model was assessed formally using
ald statistics. Wald statistics were calculated by dropping indi-

idual fixed terms from the full model. They have asymptotic
hi-squared distributions with degrees of freedom equal to those
f the fixed model terms (GenStat, 2005). Analysis of residuals
rom each model, and the importance of having multiplicative
rrors, supported the use of the normal residual distribution on
he log scale (O’Neill and Leigh, 2006).

For the eastern king prawn sector, annual changes in fish-
ng power were calculated for two management sectors: water
epths ≤50 fathoms (shallow) and waters >50 fathoms (deep).
et sizes were modelled by their log-residuals to adjust for man-

gement bias allowing larger nets in deep waters (O’Neill and
eigh, 2006). The log-residuals were calculated from the simple

egression of net size (log transformed) against depth category
shallow or deep). This was to ensure that catch variations with
et size were quantified according to vessel differences and were
ot due to management limitations on net sizes in the different
aters. Spatial weightings of 45% for shallow waters and 55%

or deep waters were applied to correct for the imbalance of shal-
ow (29%) versus deep water (71%) grid squares in which it was
ertain whether shallow or deep water fishing nets were used;
any predominantly shallow-water squares also contained some

eep water and therefore could not be classified with certainty.
.4. Estimating relative fishing power

Relative fishing power was calculated as a proportional
hange in average catch rates from fishing year to fishing year

i
�
f
b
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nder standard conditions. The expected catch on each day
shed by each vessel was calculated as

= exp(X� + Z�), (2)

here c is the vector of expected catches under standard condi-
ions for each vessel and day fished and X, �, Z and � are as in
q. (1). Within X�, the terms represented byβ0, X1�1, X3�3 and
4�4 were held constant to provide standard conditions of abun-
ance, lunar phase and catches of other species, thus enabling
rediction of changes in fishing power. Annual fishing power
ncreases due to trawling more on favourable lunar phases were
ot considered, because changes in the lunar pattern of fishing
n each trawl sector were negligible over the period 1988–2004
O’Neill and Leigh, 2006).

An average catch c̄ was defined for each fishing year as the
rithmetic mean of elements of c that were within the year. The
shing power was then defined as

y = c̄
c̄1989

(3)

here fy is the vector of proportional change in average catch rel-
tive to 1989 and c̄ is the vector of annual average catches under
tandard conditions. The reference fishing year was chosen as
989 because it was the first fishing year with complete catch
ecords across all sectors, and for consistency with previous
ork (O’Neill et al., 2003).
Confidence intervals on fishing power estimates from each

rawl sector were generated by a Monte Carlo routine of running
he model predictions for 1000 realisations of the parameter esti-

ates. The variations in fixed parameters were calculated using
he parameter estimates and their covariance matrix to construct
multivariate normal distribution of values. Realisations of the

andom vessel effects were calculated from normal distributions
ased on the means and standard deviations for vessels fish-
ng in each fishing year, month and grid square. Calculated 2.5
nd 97.5% percentiles on the fishing power distributions repre-
ented 95% confidence intervals. As the reference fishing-power
ear was 1989, the confidence intervals increase in size away
rom this fishing year. For more information on the Monte Carlo
outine see O’Neill et al. (2005).

. Results

.1. Analyses and parameter estimates

Table 1 lists the model statistics and parameter estimates for
he various gears and technologies for tiger prawns, endeav-
ur prawns, red spot king prawns, eastern king prawns and
aucer scallops. The statistics show that the fishing power
2 parameters (including different vessel characteristics, nav-

gation equipment, by-catch reduction devices and trawl net
onfigurations) were highly significant (***P < 0.001) after
ccounting for abundance �1 (parameterised as location, fish-

ng year, month and their two-way interactions), lunar phase

3 and catches of other species �4. Variance components
or the random vessel terms in the different sectors ranged
etween 0.0509 (equivalent to a coefficient of variation (c.v.) of
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Table 1
Summary of analyses, parameter estimates �2 and standard errors in parentheses from the mixed linear models for each trawl sector

Northern tiger
prawn

Northern endeavour
prawn

Southern tiger
prawn

Red spot king
prawn

Eastern king
prawn

Saucer scallop

Summary of analysis
Number of data (n) 84824 83621 59205 16098 82890 82062
Fishing power �2 d.f., deviance ratio 15, 13.787 19, 22.484 7, 31.686 12, 9.467 18, 64.556 17, 15.941
Remaining terms d.f., deviance ratio 498, 102.129 498, 78.996 718, 36.043 631, 22.101 562, 44.375 613, 61.974
Residual variance 0.307 (0.002) 0.449 (0.002) 0.336 (0.002) 0.314 (0.003) 0.306 (0.002) 0.397 (0.002)
Variance component 0.0509 (0.0053) 0.0788 (0.0085) 0.0741 (0.0085) 0.0636 (0.0100) 0.1951 (0.0219) 0.0656 (0.0066)

Parameter estimates
Engine rated power 0.141 (0.024) 0.211 (0.035) 0.135 (0.034) 0.404 (0.080) n.s. 0.240 (0.029)
Trawl speed n.s. 0.277 (0.085) n.s. −0.480 (0.148) n.s. −0.192 (0.064)
Propeller nozzle 0.027 (0.011) −0.071 (0.013) n.s. n.s. n.s. n.s.
Sonar 0.073 (0.012) −0.109 (0.015) n.s. n.s. 0.034 (0.013) n.s.
GPS 0.047 (0.01) 0.023 (0.013) 0.042 (0.014) n.s. n.s. −0.037 (0.012)
Computer mapping n.s. 0.071 (0.01) n.s. 0.034 (0.016) 0.028 (0.01) n.s.

Number of trawl nets
Single – – – – 0 –
Twin 0 0 0 (0) 0 (0) −0.445 (0.058) 0
Triple −0.238 (0.045) −0.402 (0.057) −0.249 (0.039) −0.329 (0.134) −0.401 (0.05) 0.248 (0.051)
Quad −0.127 (0.039) −0.192 (0.049) −0.089 (0.031) −0.217 (0.129) −0.221 (0.056) 0.301 (0.053)
Five – – 0.117 (0.164) – 0.022 (0.077) 0.564 (0.104)

Net size—combined n.s. 0.258 (0.104) 0.782 (0.073) 1.213 (0.215) 0.081 (0.005) 0.291 (0.065)
Mesh size n.s. 0.846 (0.281) n.s. n.s. −1.248 (0.084) −0.315 (0.112)

Ground gear n.s. n.s.
Drop chain 0 0 0 0 (0)
Sliding rings 0.047 (0.033) −0.079 (0.039) 0.040 (0.028) 0.006 (0.024)
Looped chain −0.185 (0.085) −0.129 (0.104) 0.002 (0.013) −0.010 (0.021)
Drop rope-chain 0.254 (0.048) −0.289 (0.06) −0.056 (0.016) 0.055 (0.035)
Other types −0.433 (0.328) 0.241 (0.4) −0.127 (0.016) −0.078 (0.029)

Chain size n.s. −0.229 (0.07) n.s. 1.028 (0.257) 0.290 (0.052) 0.285 (0.058)

Otter boards n.s.
Standard flat 0 0 (0) 0 (0) 0 0
Bison −0.028 (0.012) −0.024 (0.015) 0.183 (0.05) 0.056 (0.041) −0.088 (0.032)
Louvre/Kilfoil 0.003 (0.01) −0.044 (0.012) 0.032 (0.04) −0.012 (0.019) 0.072 (0.015)
Other types 0.067 (0.03) −0.187 (0.041) −0.006 (0.115) 0.193 (0.035) 0.026 (0.031)

BRD and TED −0.024 (0.011) 0.099 (0.013) n.s. 0.075 (0.025) 0.127 (0.01) 0.046 (0.015)
N
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et—try gear 0.082 (0.024) n.s.

.s. indicates the parameter was not significant (P > 0.05) and was excluded from
ariable and continuous explanatory variables were natural log transformed.

.05091/2 = 22.6%) and 0.1951 (c.v. 44.2%), thereby accounting
or a large part of the variation in vessels’ annual catches.

Fishing power estimates are listed in Table 2 and show, for
he period from 1989 to 2004, increases of 6% in the northern
iger, 6% in the northern endeavour, 12% in the southern tiger,
8% in the red spot king, 46% in the eastern king prawn and
5% in the saucer scallop sector. These results are described in
etail in Section 3.2 below.

Higher engine power was associated with higher catches in all
rawl sectors except eastern king prawn (Table 1). Examination
f predicted values from the model indicated that vessels with
0 HP extra engine power generally achieved 2–8% larger aver-
ge catches. The random vessel term (variance component) was
argest for the eastern king prawn sector. Slower trawl speeds

y (1/2) knot were associated with between 3 and 7% larger
verage catches of saucer scallops and red spot king prawns,
espectively. Vessels installed with sonar were associated with
aving 7 and 3% better average catches of northern tiger and east-

v
5
s
a

0.045 (0.016) −0.078 (0.026) −0.051 (0.01) n.s.

analysis. (–) Indicates the gear type was not used in that trawl sector. Response

rn king prawns, respectively. The effect of global positioning
ystems differed between trawl sectors. For tiger and endeav-
ur prawns, vessels with GPS achieved 2–5% larger average
atches, respectively. However, larger catches of red spot king
rawns, eastern king prawns and saucer scallops were not corre-
ated with GPS. Vessels fishing for endeavour, red spot king and
astern king prawns with computer mapping software, such as C-
lot, made on average 3–7% larger catches. Vessels using quad
ets achieved 5–23% better average prawn catches than vessels
sing triple gear. Generally, larger catches were associated with
arger net sizes and (for eastern king prawns and saucer scal-
ops at least) smaller mesh sizes. Drop-chain ground gear was
enerally used most and was associated with better than aver-
ge catches. Larger ground chains, typically made from 12 mm

ersus the smaller 10 mm diameter steel, were associated with
% better average catches of eastern king prawns and saucer
callops, and 20% better catches of red spot king prawns. Bison
nd Louvre otter-boards were generally associated with better
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Table 2
Mixed linear model calculated proportional change in fishing power from 1988 to 2004 (95% confidence intervals shown in parentheses), for (A) northern tiger
prawn, northern endeavour prawn, southern tiger prawn and red spot king prawn and (B) eastern king prawn (all waters, shallow waters and deep waters) and saucer
scallop

(A)

Fishing year Northern tiger prawn Northern endeavour prawn Southern tiger prawn Red spot king prawn

1988 0.956 (0.944, 0.961) 0.971 (0.954, 0.981) 0.928 (0.911, 0.937) 1.095 (1.044, 1.161)
1989 1 1 1 1
1990 0.949 (0.938, 0.958) 0.950 (0.929, 0.960) 1.074 (1.063, 1.098) 1.097 (1.026, 1.175)
1991 0.967 (0.954, 0.979) 0.983 (0.961, 0.997) 0.996 (0.984, 1.013) 1.045 (0.975, 1.108)
1992 0.963 (0.950, 0.977) 0.988 (0.971, 1.005) 1.012 (0.995, 1.034) 1.029 (0.964, 1.075)
1993 0.982 (0.967, 0.992) 0.992 (0.970, 1.007) 1.039 (1.023, 1.062) 1.144 (1.081, 1.196)
1994 0.967 (0.950, 0.979) 0.987 (0.964, 1.005) 1.054 (1.043, 1.084) 1.108 (1.055, 1.157)
1995 0.984 (0.967, 1.000) 1.013 (0.980, 1.029) 1.088 (1.079, 1.124) 1.047 (0.992, 1.093)
1996 0.975 (0.959, 0.994) 0.942 (0.912, 0.956) 1.101 (1.091, 1.144) 1.029 (0.978, 1.071)
1997 1.013 (0.992, 1.032) 1.014 (0.982, 1.033) 1.068 (1.050, 1.095) 1.045 (0.997, 1.091)
1998 0.997 (0.978, 1.015) 1.022 (0.993, 1.045) 1.046 (1.027, 1.072) 1.107 (1.050, 1.162)
1999 1.018 (0.996, 1.040) 1.065 (1.030, 1.096) 1.143 (1.121, 1.174) 1.074 (1.012, 1.124)
2000 1.041 (1.011, 1.070) 1.112 (1.061, 1.146) 1.098 (1.071, 1.125) 1.162 (1.085, 1.228)
2001 1.046 (1.018, 1.075) 1.094 (1.052, 1.135) 1.035 (1.013, 1.061) 1.089 (1.012, 1.155)
2002 1.059 (1.030, 1.088) 1.125 (1.081, 1.173) 1.089 (1.062, 1.118) 1.137 (1.059, 1.215)
2003 1.079 (1.049, 1.111) 1.132 (1.088, 1.182) 1.078 (1.052, 1.107) 1.168 (1.079, 1.256)
2004 1.060 (1.027, 1.093) 1.064 (1.023, 1.123) 1.118 (1.086, 1.158) 1.177 (1.073, 1.268)

(B)

Eastern king prawn:
depths combined

Eastern king prawn:
depths ≤50 fathoms

Eastern king prawn:
depths >50 fathoms

Saucer scallop

1988 1.028 (1.017, 1.053) 0.965 (0.948, 1.006) 1.012 (0.994, 1.028) 0.975 (0.958, 0.994)
1989 1 1 1 1
1990 1.053 (1.036, 1.073) 1.073 (1.047, 1.107) 1.018 (1.003, 1.032) 1.025 (1.012, 1.038)
1991 1.062 (1.054, 1.087) 1.111 (1.096, 1.152) 0.983 (0.970, 0.998) 1.036 (1.018, 1.051)
1992 1.064 (1.053, 1.086) 1.121 (1.100, 1.156) 0.978 (0.966, 0.991) 1.038 (1.021, 1.059)
1993 1.056 (1.043, 1.079) 1.128 (1.103, 1.162) 0.960 (0.947, 0.975) 1.036 (1.014, 1.055)
1994 1.092 (1.081, 1.117) 1.114 (1.091, 1.146) 1.035 (1.026, 1.055) 1.059 (1.039, 1.084)
1995 1.116 (1.103, 1.138) 1.149 (1.123, 1.182) 1.050 (1.039, 1.067) 1.037 (1.015, 1.061)
1996 1.168 (1.158, 1.199) 1.262 (1.247, 1.320) 1.045 (1.030, 1.062) 1.082 (1.059, 1.112)
1997 1.170 (1.158, 1.204) 1.257 (1.242, 1.314) 1.051 (1.033, 1.070) 1.031 (1.007, 1.058)
1998 1.157 (1.139, 1.186) 1.236 (1.215, 1.282) 1.050 (1.027, 1.068) 1.020 (0.995, 1.046)
1999 1.205 (1.183, 1.235) 1.290 (1.261, 1.340) 1.089 (1.063, 1.107) 1.014 (0.992, 1.045)
2000 1.298 (1.271, 1.340) 1.360 (1.328, 1.434) 1.195 (1.162, 1.221) 1.029 (1.003, 1.060)
2001 1.305 (1.275, 1.351) 1.353 (1.318, 1.439) 1.209 (1.173, 1.236) 1.065 (1.035, 1.104)
2002 1.384 (1.350, 1.436) 1.397 (1.351, 1.484) 1.295 (1.256, 1.334) 1.080 (1.041, 1.125)
2003 1.401 (1.364, 1.454) 1.403 (1.358, 1.484) 1.314 (1.273, 1.356) 1.054 (1.017, 1.103)
2004 1.457 (1.423, 1.524) 1.512 (1.467, 1.621) 1.357 (1.313, 1.403) 1.149 (1.102, 1.202)
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he proportion change represents the difference from the reference fishing ye
ovember through to October for eastern king prawns and saucer scallops, and

verage catches across the sectors. Vessels with a turtle excluder
evice and/or by-catch reduction device tended to have increased
atches of endeavour prawns (10%), red spot king prawns (7%),
astern king prawns (13%) and saucer scallops (5%), but 3%
maller catches of northern tiger prawns. Vessels using try nets
chieved 5–9% better catches of tiger prawns.

.2. Estimates of fishing power

Annual increases in average relative fishing power were cal-

ulated from the mixed linear model using Eqs. (2) and (3).
hanges in fishing power due to vessel upgrades were mea-

ured by the fixed effects �2. Changes due to evolution of each
rawl sector’s vessel profile were measured through the random

f
T

b

89, which was set at 1. The fishing years represent the months starting from
ry through to December for tiger, endeavour and red spot king prawns.

essel terms (�), and are illustrated on Fig. 2 by the difference
etween the overall fishing power estimate (solid line) and the
shing power estimate from the �2 fixed effects only (dotted

ine).
Overall the analyses showed consistent annual increases in

shing power. The prawn sectors were influenced mostly by the
hanging fleet profile and their vessel power (engine rated power
nd propeller nozzles) and technology (sonar, global positioning
ystems and computer mapping) factors. For the saucer scallop
ector, net configurations were more important than technology

actors. Annual rates of fishing power change are presented in
able 2.

Tiger prawn fishing power in northern waters increased by 8%
etween 1989 and 2003. The increases were driven by higher
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ig. 2. (A–F) Comparison of fixed and random terms effect on the proportional
ifference from the reference year 1989, which was set at 1. Error bars illustrat

ngine power, propeller nozzles, quad net gear, Bison or Lou-
re/Kilfoil otter-boards, sonar and global positioning systems,
ogether with a trend towards more efficient vessels (i.e. those
ith high �-terms). The latter effect is illustrated by the over-

ll fishing power (fixed + random effects; solid line) converging
nd then overtaking the fishing power corresponding to vessel
pgrades (�2 fixed effects; dotted line). The data for 2004 sug-
ested that fishing power had decreased about 2% due to lower
verage engine power and less use quad gear. The noticeable
989 spike in fishing power was due to greater than average
ffort by efficient vessels.

The increase in northern endeavour prawn fishing power
as calculated at 13% between 1989 and 2003. Most of

his fishing power increase occurred between 1996 and 2000.
ver these 5 years fishing power increased by 17%. The
shing power increases were mostly driven by higher engine

ated power, Bison otter-boards and computer mapping sys-
ems. The noticeable drops in the 1996 and 2004 fishing
ower were due to the more efficient vessels fishing fewer
ights.

b
e
b
e

ge in fishing power from 1988 to 2004. The proportional change represents the
5% confidence intervals.

The results show a trend towards less efficient vessels (lower
-terms) in the northern endeavour prawn sector (Fig. 2B, fall

n solid line relative to dotted line), as compared to a trend
owards more efficient vessels in the northern tiger prawn sector
Fig. 2A). These sectors are fished by similar vessels in similar
aters, but tiger prawns are much more valuable. The analyses

ndicate that efficient fishing vessels may target tiger prawns in
reference to endeavour prawns.

Tiger prawn fishing power in southern waters increased by
2% between 1989 and 2004. Increases in fishing power were
ssociated with improvements in vessels’ engine power, and
ncreased use of quad and try trawl nets. Overall there was no
rend towards more or less efficient vessels, but random vessel
ffects (�-terms) did contribute extra year to year variation in
shing power.

The analysis estimated increases in fishing power at 18%

etween 1989 and 2004, mainly associated with two major
ffects within definite time periods: arrival of more efficient
oats in this sector in 1990, and a substantial increase in average
ngine power from 2001 to 2003.
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The eastern king prawn sector experienced the largest
ncrease in fishing power. The analysis estimated increases in
verage annual fishing power of 51% in shallow waters, 36% in
eep waters and 46% across all waters between 1989 and 2004.
ost of the fishing power increases were measured through the

andom vessel effects (�), which absorbed the parameters for
ngine rated power, trawl speed and propeller nozzle (Table 1).
he results illustrate a large effect of change in fleet composition,
hereby less efficient vessels have left the trawl sector, while
ore efficient ones remained. Also, the vessels that fished both

orthern tiger and eastern king prawns had expended about 15%
ore effort towards eastern king prawns since 2000. The use of

omputer mapping, sonar, quad trawl gear and by-catch reduc-
ion and turtle excluder devices were also important variables
ontributing to increased fishing power.

Increases in saucer scallop fishing power were 15% between
989 and 2004. The random vessel term (�) absorbed the fishing
ower effects of propeller nozzle, sonar and computer map-
ing, but engine rated power (***P < 0.001) and quad trawl gear
***P < 0.001) were still significant in determining fishing power
ncreases (Table 1). The analysis also indicated that more nights
f fishing were expended by the efficient vessels during the high
atch years 1990–1996. Catch rates declined after 1996 and the
eet profile changed to less efficient vessels. Since 2000 fishing
ower increases have been driven by higher engine power and
se of quad and try nets.

. Discussion

Fishing power in the Queensland ECOTF increased substan-
ially between 1988 and 2004. Overall the analyses show that
nnual changes in prawn trawl fishing power were influenced
ostly by changing fleet profiles (vessels changing the number

f days they fish in each trawl sector, moving between sectors
r in some cases exiting the fishery altogether), upgrades to ves-
el power (engine power and propeller nozzles) and adoption
f new technology (sonar, global positioning systems and com-
uter mapping). Net configurations were more important than
echnology factors in determining saucer scallop fishing power.
he results demonstrate the importance of standardising average
atch rates according to changes in average annual fishing power.
or example, if 1989 catch rates were standardised to 2004 fish-

ng power they would be between 6 and 51% higher compared to
he observed nominal catch rates in 1989 (Table 2). This effect is
rucial for stock assessments using catch rates. It is important to
ote that fishing power estimates do not increase continuously
ut vary between years. Their influence on estimates of limit
eference points such as fishing effort at maximum sustainable
ield (EMSY) needs to be recognised, especially in the selection
f the past unit of fishing effort to use as the reference for effort
reep in future stock assessments.

Our results confirm that major changes have taken place in
essel characteristics, fishing gear, navigation and communica-

ion over the last 17 years. The adoption of global positioning
ystems, computer mapping software and turtle excluder and
y-catch reduction devices are nearing 100%. However, several
echnologies (e.g. new propeller designs) are yet to be adopted

T

o
fi
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niversally by the trawl fleet. Further upgrades in some fleet
haracteristics, such as engine power and use of trawl quad-nets,
an be achieved and are likely to contribute to further increases
n fishing power. We also expect new technologies to emerge
nd be adopted in the future. In addition, each trawl sector’s
eet composition will change, affecting its fishing power. Many
essels are currently exiting the fishery in the face of high fuel
osts and competition from imported seafood; we expect these
essels to be both less efficient and less powerful than those that
emain, contributing to an increase in the fleet’s average fishing
ower.

Global positioning systems, although positively affecting
atches in three out of the six sectors, had non-significant
P > 0.05) or slight negative effects in the red spot king prawn,
astern king prawn and scallop sectors. This may be due to spe-
ific features of these species and their fisheries. Red spot king
rawns occur near reefs, allowing visual identification of tar-
et areas. Eastern king prawns are much more migratory than
iger/endeavour prawns, occur at much greater depths and are
enerally fished along narrow depth contours (as illustrated in
ueensland waters in Fig. 1C). Skill to find patches of saucer

callop probably does not depend much on use of GPS.
Try gear had a positive effect on tiger and endeavour prawn

atches, where its use is widespread (90–100%). However, red
pot and eastern king prawn catches were negatively associated
ith try gear. Usage of try gear is variable and inconsistent for

hese species, and less common in deep water where eastern
ing prawns are found. Our finding of positive effects of BRDs
nd TEDs on catches of target species in four of the six sectors
grees with other studies (Rogers et al., 1997; Broadhurst and
ennelly, 1997; Steele et al., 2002; Courtney and Campbell,
003). The negative relationship between trawl speed and catch
n the red spot king prawn and saucer scallop sectors may show
he importance of trawling at a speed that allows the fishing gear
o function as designed.

Fishing power analyses can be affected by ‘confounding’,
hereby it is impossible to determine whether a change in catch

ate is due to variation in population abundance or changing
shing power. Confounding is a failing not of the analysis tech-
ique but of contrast in the data. It can happen, for example,
f all vessels in a fleet undergo identical upgrades at the same
ime. Confounding is a major problem in Australia’s Northern
rawn Fishery (NPF), where there are long seasonal closures
nd vessel ownership is concentrated in large corporations with
imilar economic motivation (Dichmont et al., 2003).

Confounding is less evident in our study of the Queens-
and ECOTF, which has comprised 400–900 active vessels, with
bout as many owners and a wide range of business strategies.
leet upgrades usually take place over periods of many years.
evertheless, ongoing independent data are desirable to ver-

fy abundance indices. Available data from fishery-independent
urveys show good agreement with the standardised catch rates
roduced by this study (O’Neill and Leigh, 2006; O’Neill and

urnbull, 2006).

Linear mixed models may also find beneficial applications to
ther fisheries with large data sets that have evolved from many
shing operations or vessels. In our analysis they have been
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specially useful in resolving changes in fleet profile that go
eyond physical characteristics of the vessels. Broader aspects
f their use include testing hypotheses of environment effects
uch as river flows or rainfall on catches (Tanimoto et al., 2006).
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