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Abstract

Generalized linear mixed-effects models can be used to combine bottom trawl data from multiple vessels, each with a different
fishing power, into a single time series of relative abundance. However, how important might it be to have a consistent set of vessels
and vessel characteristics from year to year given we can model differences in fishing power among vessels? We demonstrate
how changes in the suite of fishing vessels performing the survey can affect the results of the data analysis using sablefish catches
in the U.S. west coast groundfish bottom trawl survey from 1998 to 2000. The results do not indicate that one must have a
consistent set of vessels over time to provide useful data, but rather that there is benefit to consistency even when the survey data
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re analyzed using advanced statistical models. Further research should be undertaken to quantify these benefits sp
id in contracting and bidding of survey vessels.
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. Introduction

Bottom trawl surveys have been conducted on the
ontinental shelf and upper slope off the west coast of
he U.S. (Washington, Oregon and California) since
977. These surveys provide the primary source of
bundance and trend information for most stock as-
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sessments conducted on west coast groundfish.
ing 1998–2001, trawl survey effort expanded to
clude three independent trawl surveys. One su
covers the shelf (30–200 fm) and two cover the s
(100–700 fm). The three surveys differ in vessel
(chartered 75 ft fishing vessel to 225 ft FRVMiller
Freeman), season (mid-summer to -autumn), net
and footrope, and tow speed (2–3 knots). The shel
vey uses larger chartered fishing vessels and has
conducted triennially since 1977. There have been
stantial improvements in net mensuration and s
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changes in trawl gear, towing protocols, and stratifi-
cation schemes during the 24 years of the shelf survey.
One of the two slope surveys utilizes the FRVMiller
Freemanin the autumn. It started in 1988 but did not
achieve annual coast wide coverage until 1997. The
other slope survey uses smaller chartered fishing ves-
sels, started in 1998, and is conducted roughly coinci-
dent with the shelf survey.Lauth (2001)andTurk et
al. (2001)provide additional details of the two slope
surveys.

To be most useful, resource assessment surveys must
take advantage of advancing technology and knowl-
edge to be as accurate and precise as possible, but
also must maintain comparability with historical sur-
vey data. Available vessels, staffing and funding will
not allow all three surveys for west coast groundfish
to continue into the future. All three surveys were con-
ducted in summer-fall 2001, thus providing a good, and
probably final, opportunity for comparison and calibra-
tion. A goal of the future survey strategy is an annual
survey that covers the shelf and slope in an integrated
design. In addition, the data from the earlier surveys
must be reanalyzed to assure that they are as compara-
ble with the results from the present surveys as possible.

Helser et al. (2004)use generalized linear mixed-
effects models (GLMMs) to combine the existing bot-
tom trawl data from multiple survey vessels into time
series of relative abundance. The GLMM assumes ves-
sels are independent from one another, they may have
different fishing power, and the differences in fishing
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year given we can model differences in fishing power?
The third question can be examined through three re-
lated questions in which the method used to analyze
the survey data is that ofHelser et al. (2004).

(1) How sensitive are the estimates of the biomass in-
dex and the change in the biomass index over time
to the exclusion of individual vessels from the data
set?

(2) How do the estimates of the biomass index and
the percentage change in the biomass index from
1998 to 2000 vary as we treat existing vessels as
being new vessels in the last year of the survey,
thus requiring us to estimate additional parameters
for the vessel effect?

(3) How do the estimates of the biomass index and
the percentage change in the biomass index from
1998 to 2000 vary when we treat all vessels as be-
ing new each year? This final question presents a
more extreme case of the previous question and al-
lows us to better examine the importance of vessel
participation over time.

If survey catch is truly a random process, and the
differences in fishing power among vessels can be
fully accounted for by the model, then the estimate
of the biomass index and the percentage change in
the biomass index should be insensitive to each of
these manipulations. While the percentage change in
a biomass index over time is a crude measure of popu-
lation change compared to that provided by more for-
m vides
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ower among vessels can be modeled as a norma
om variable with mean zero. In statistical terminolo

he estimates of the fishing power differences (i.e.
el effects) are called random effects, and are der
n large part, from the temporal and spatial overla
ampling by vessels, with increasing overlap leadin
mproved precision of the random effect estimates.
LMM is a powerful approach that allows research

o account for changes in vessel participation over
nd improve the precision of the resulting estimate
bundance.

The GLMM approach, however, also raises so
hallenging questions for multi-vessel survey des
1) what is probability of detecting a vessel effect w
here is not one – Type I error, (2) what is the pro
ility of detecting a vessel effect when there is on
ower, and (3) how important is it to have a consis
et of vessels and vessel characteristics from ye
al stock assessment methods, it nonetheless pro
summary measure of the behavior of the indices

ime, as well as insight into how our perception o
tock’s recovery or decline may change based s
n the methods used to derive the biomass index

ast two questions are addressed using simulated
ecause this allows us to move beyond the specifi
particular dataset and hence examine the full r

f realizations of a catch process where the data
he specific assumptions of the analysis method
andom catch and normally-distributed vessel effe

Answers to these questions will become more
ortant as the U.S. National Marine Fisheries Serv
MFS, and other agencies increase the use of
ercial vessels for survey work, and they raise a

ional questions regarding the optimal length of c
racts, whether premiums for past participation sh
e included in contract bids, and the like.
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2. Data and general methods

We based the analyses on the sablefish (Anoplopoma
fimbria) data from 1998 to 2000 from bottom trawl
surveys conducted by the Northwest Fisheries Science
Center (NWFSC) and Alaska Fisheries Science Center
(AFSC) slope surveys (Helser et al., 2004). Strata were
defined as inHelser et al. (2004)with Stratum 1 being
the most northern shallow stratum, Stratum 5 being the
most southern shallow stratum, Stratum 10 being the
most northern deep stratum, and Stratum 50 being the
most southern deep stratum. The mean and variance
of the survey catch by stratum and year are listed in
Table 1.

For non-zero tows, we assume the catch within a
stratum can be modeled as a gamma random variable,
i.e. a mean–variance relationship with the variance pro-
portional to the mean squared. This assumption can
be validated by regressing the natural logarithm of the
variance of the catch in each stratum on the natural log-
arithm of the corresponding mean catch (Fig. 1). This
regression leads to the equation:

ln (variance)= −0.09+ 2.16 ln (mean) (1)

which transforms to:

variance= 0.91 mean2.16 (2)

The exponent in Eq.(2), is significantly different from
zero (t28 = 6.17,P < 0.0001), but it is not significantly
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o
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Fig. 1. Regression of ln(variance) on ln(mean) of the catch within a
stratum (199–2000).

one. The variance of catch within a stratum in the
NMFS data is therefore approximately proportional to
the mean catch within a stratum squared. Occasionally,
as described below, we treat the simulated data as be-
ing normally distributed, but maintain a mean–variance
relationship.

Two types of vessel distributions were used through-
out the analyses. The number of observations made by
each vessel in each stratum each year was taken directly
from the NMFS data for 1998–2000 (Table 2) for one
set of analyses. Vessel 1 is the only vessel to participate
in all years, vessels 3, 6, and the FRVMiller Freeman
participate in two of the three years, and all other ves-
sels participate in only a single year (Table 2). For the
other set of analyses, nine vessels were distributed in
a balanced design so there were an equal number of
observations for each vessel in each stratum each year.
Regardless of the distribution of vessels among strata
and years, the average catch in each stratum each year
equals the average catch across vessels for the actual
data for sablefish (Table 1).

We considered a range of variances in catch and in
the vessel effects when generating the simulated data.
The observed catch,Ri,j,k, for vesseli in stratumj and
yearkwas:

Ri,j,k = Cj,k + Vi (3)

whereCj,k is the random catch for stratumj in yeark,
andVi is the effect for vesseli. The value ofCj,k was
d ma
ifferent from 2 (t28 = 0.47,P = 0.64). The intercep
f Eq.(1) is not significantly different from zero (t28 =
0.09,P= 0.92), which translates to the coefficien
roportionality not being significantly different fro

able 1
ean (and variance) of catch by stratum and year

tratum Year

1998 1999 2000

1 8.0 (205) 8.7 (60) 13.9 (140)
2 4.7 (66) 25.0 (15.284) 13.2 (408)
3 10.9 (211) 10.8 (315) 13.3 (117)
4 9.5 (97) 15.5 (269) 23.5 (1.801
5 7.4 (43) 10.0 (81) 21.3 (1.293

10 19.5 (266) 18.3 (236) 20.9 (472)
20 14.4 (293) 19.3 (497) 20.6 (651)
30 13.9 (198) 20.5 (594) 20.7 (350)
40 17.4 (203) 21.6 (399) 22.6 (733)
50 13.1 (182) 17.0 (986) 19.9 (416)
rawn from either a normal distribution or a gam
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Table 2
The number of observations for each vessel by stratum and year

Vessel Stratum Total

1 2 3 4 5 10 20 30 40 50

1998
1 2 10 9 10 7 3 16 9 7 6 79
2 4 11 7 13 4 5 11 4 10 5 74
3 2 9 4 12 4 3 12 7 8 7 68
4 3 12 9 11 2 5 18 9 7 3 79

1999
1 5 15 8 9 5 5 12 11 9 6 85
3 5 12 4 11 6 5 13 9 12 8 85
5 1 13 6 8 6 3 11 10 10 8 76
6 2 9 9 9 6 1 9 10 11 8 74
Miller Freeman 10 19 10 20 13 19 34 21 29 26 201

2000
1 5 14 9 10 8 5 12 11 11 9 94
6 2 16 6 8 8 2 13 11 11 4 81
7 5 11 6 11 4 5 10 6 12 4 74
8 5 12 8 8 4 5 16 10 8 2 78
Miller Freeman 10 20 10 20 11 19 43 21 28 2 184

distribution with meanµj,k equal to the mean catch in
the NMFS data for each strata× year combination and
variance equal to the square of the mean catch in the
NMFS data multiplied by a factor,a, that we varied over
a range. For the gamma distribution, the mean of the
distribution is shape/rate, the variance is shape/rate2,
and the skewness is2

√
(shape).

Cj,k N(µj,k, a(µj,k)2) (4)

Cj,k = gamma

(
rate= 1

aµj,k

, shape= 1

a

)
(5)

The vessel effect for vesseli, also known as the random
effect, was drawn from a normal distribution with mean
zero and standard deviation,s, that we varied over a
range.

Vi ∼ N(0, s2) (6)

The vessel effect for each vessel was held constant
across all strata and years. Adding annual variability
to the vessel effects may increase the realism of the
simulations (e.g.Helser et al., 2004), but would have
added yet another layer of complexity, and is therefore
left for future research.

All simulations were performed using S-PLUS 2000
(Mathsoft, Seattle, Wash.) and the generalized lin-
ear mixed-effect extension (GLME) to the non-linear

mixed-effects model software within S-PLUS 2000
(NLME, Pinheiro and Bates, 2000). The GLME exten-
sion implements the methods inBreslow and Clayton
(1993).

3. What is the probability of detecting a vessel
effect when there is not one?

3.1. Methods

The number of observations by vessel, stratum, and
year is unbalanced (Table 2). This is due in large part to
the different sizes of the strata. We therefore wanted to
see how this alone might be affecting our ability to de-
tect a vessel effect. However, for a given stratum–year
combination, the number of observations taken by each
vessel differs, and not all vessels are present in each
year (Table 2). Unfortunately, S-PLUS is unable to di-
rectly test for the statistical significance of the random
effect terms in a GLMM compared to a fixed-effects-
only model, when the random effect is modeled simply
as a temporally constant vessel effect. The only way
to come close to such a test is to examine the confi-
dence intervals for the variance–covariance estimates
from the GLMM model and see if the variance esti-
mates get ‘too close’ to zero, for some arbitrary defini-
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tion of ‘too close’ (J. Pinheiro,Novartis Pharmaceu-
ticals, personal communication). We used a different
approach in which we assumed that catches were nor-
mally distributed and used the S-PLUS linear mixed-
effects (LME) code, which can be used to test for the
significance of the random effects terms. We fit a lin-
ear mixed-effects model with year, stratum, and year
× stratum interactions as fixed-effects to the simulated
data (described below) and also fit a generalized least
squares model with the same fixed-effects. We then
compared these two models using likelihood ratio tests
to determine whether the inclusion of a random vessel
effect in the linear mixed model was significant (P <
0.05). We did not take the heterogeneous variance by
stratum into account.

This analysis required three scenarios to study the
possible impacts of: (1) the patterns in catch by stra-
tum, (2) the distribution of vessels across strata, and
(3) the combined effect of catch patterns and vessel
distribution.

For Scenario 1, we distributed vessels in a balanced
design with each vessel taking five samples from each
stratum× year combination. This resulted in 450 sam-
ples per year, as compared to an average of 452 samples
per year actually taken from 1998 to 2000. We drew
catches from a normal distribution with meanu and
varianceu2, withuequal to the mean catch in the NMFS
data for each stratum× year combination. We used a
proportionality coefficient of 1 for the mean–variance
relationship as a simplification of the results of the log-
l
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from each stratum× year combination and no vessel
effects.

The inclusion of a random vessel effect in the model
was significant in 2.7% of the 1000 replicates for Sce-
nario 2, i.e. with vessels distributed as inTable 2and
catches drawn from a normal distribution with meanu
and varianceu2, with u varying from 10 to 100 in steps
of 10. The vessel effect was significant in between 1
and 5% of the replicates when the results were broken
down by the levels ofu considered.

The inclusion of a random vessel effect in the model
was significant in only 1.8% of the 1000 replicates for
Scenario 3, i.e. with vessels distributed as inTable 2and
catches drawn from a normal distribution with meanu
and varianceu2, with u equal to the mean catch in the
NMFS data for each stratum× year combination.

Based on these analyses, the distribution of vessels
and the spatio-temporal patterns in the catch do not
appear to affect the probability of committing a Type
I error (i.e. concluding that there are significant vessel
effects where none exists).

4. What is the probability of detecting a vessel
effect given there is one?

4.1. Methods

The bulk of the existing literature on sample size
and power calculations for mixed-effects models fo-
c ower
o nal
c r,
1 000,
2 this
q ssoci-
a eds;
t plex
m
S n
g ar-
t

ves-
s ssel
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n with
e
c ples
inear mean–variance regression model (Eq.(2)). We
epeated the analysis 1000 times. For Scenario 2
istributed vessels as in the NMFS data (Table 2) and
rew all catches from a normal distribution with me
and varianceu2 and variedu from 10 to 100 in steps o
0. We repeated the analysis 100 times for each v
fu. For Scenario 3, we distributed vessels as inTable 2
nd drew catches from a normal distribution with m
and varianceu2, with uequal to the mean catch in t
MFS data for each stratum× year combination. W

epeated this analysis 1000 times.

.2. Results

The inclusion of a random vessel effect in the mo
as significant in only 1.6% of the 1000 replica

or Scenario 1, i.e. with vessels distributed in a
nced design, and each vessel taking five sam
uses on the fixed-effects terms, and not on the p
f detecting random effects, and is limited to traditio
linical trials study designs (e.g.Snijders and Boske
993; Diggle et al., 1994; Raudenbush and Liu, 2
001). We used a simulation approach to address
uestion because the programs and/or methods a
ted with the above articles could not meet our ne

he use of simulation to analyze the power of com
ixed-effects study designs is not new (Mok, 1995;
toker and Bowers, 2002) and the use of simulatio
ave us the flexibility to tailor the analysis to our p

icular problem.
This analysis also required three scenarios; (1)

els distributed in a balanced design with each ve
aking five samples from each stratum× year combi
ation, (2) vessels distributed in a balanced design
ach vessel taking 15 samples from each stratum×year
ombination, and (3) vessels and numbers of sam
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Table 3
The percentage of replicates for which the random vessel effect term
was significant (P < 0.05) for a balanced vessel design with each
vessel taking five samples from each stratum× year combination

Catch variance
multiplier,a

Vessel effect standard deviation,s

0.01 0.1 1 10 100

0.5 100 100 100 100 100
1.0 100 100 100 100 100
1.5 98 97 98 100 100
2.0 92 91 90 100 100
2.5 82 79 80 100 100
3.0 70 68 74 100 100
3.5 64 63 65 100 100
4.0 50 51 57 100 100
4.5 45 47 49 99 100
5.0 38 43 43 99 100

This is also the probability of detecting a random vessel effect given
there is one.

from each vessel in each stratum× year combination
as inTable 2.

The catch for each vessel was simulated as described
in Eqs.(3), (4) and (6), with a varying from 0.5 to 5 in
steps of 0.5, ands ranging from 0.01 to 100 in multi-
ples of 10. We fitted a linear mixed-effects model with
year, stratum, and year× stratum interactions as fixed-
effects and a generalized least squares model with the
same fixed-effects to these simulated data and again ig-
nored the heterogeneous variance issue. We compared
these two models using likelihood ratio tests to deter-
mine whether including a random vessel effect in the
linear mixed model was significant (P < 0.05). We re-
peated the analysis 500 times for each combination of
aands for each scenario. This resulted in 25,000 repli-
cates per scenario (10 levels of catch variance, five lev-
els of vessel effect standard deviation, and 500 repli-
cates per combination).

4.2. Results

We were able to detect even very small vessel effects
in all scenarios as long as the ratio of the variance in
the catch to the square of the mean catch was approxi-
mately one (Tables 3–5). When there are 15 samples per
vessel in each stratum× year combination, we could
detect vessel effects even when the variance in the catch
was many times larger than the square of the mean catch
(Table 4). This is not surprising given that this scenario
i s of

Table 4
The percentage of replicates for which the random vessel effect term
was significant (P < 0.05) for a balanced vessel design with each
vessel taking 15 samples from each stratum× year combination

Catch variance
multiplier,a

Vessel effect standard deviation,s

0.01 0.1 1 10 100

0.5 100 100 100 100 100
1.0 100 100 100 100 100
1.5 100 100 100 100 100
2.0 100 100 100 100 100
2.5 100 99 99 100 100
3.0 99 100 99 100 100
3.5 96 97 96 100 100
4.0 95 94 94 100 100
4.5 90 91 88 100 100
5.0 87 86 87 100 100

This is also the probability of detecting a random vessel effect given
there is one.

Table 5
The percentage of replicates for which the random vessel effect term
was significant (P < 0.05) with vessels and number of samples for
each vessel in each stratum× year combination as inTable 2

Catch variance
multiplier,a

Vessel effect standard deviation,s

0.01 0.1 1 10 100

0.5 100 100 100 100 100
1.0 99 100 98 100 100
1.5 90 89 89 100 100
2.0 75 73 76 100 100
2.5 61 59 61 100 100
3.0 43 48 50 99 100
3.5 39 42 41 99 100
4.0 28 31 38 99 100
4.5 25 26 32 97 100
5.0 23 23 28 97 100

This is also the probability of detecting a random vessel effect given
there is one.

the vessels. Given the actual mean–variance relation-
ship in the NMFS data, we are quite likely to identify
a vessel effect if one exists.

5. How sensitive are the estimates of the
biomass index and change in the biomass index
over time to the exclusion of individual vessels
from the NMFS data set?

5.1. Methods

We used a simplified version of the approach of
Helser et al. (2004)for these calculations. The ap-
s essentially comparing 450 ‘paired’ observation
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Table 6
Estimated biomass indices, percentage difference in the biomass indices compared to having all vessels in the survey, change in the biomass
index from 1998 to 2000, and the slope from the regression line: % change from 1998 on year, where year = 1, 2, 3 for 1998, 1999, and 2000
respectively

Estimated biomass index Percent change vs. all vessels 1998–2000 Change Regression line

1998 1999 2000 1998 1999 2000 Absolute Percent Slope SE

All vessels 56 85 97 41 74 0.23 0.05
Without vessel 1 61 81 92 9 −5 −5 31 52 0.16 0.03
Without vessel 2 49 85 96 −12 −1 0 47 96 0.31 0.06
Without vessel 3 57 81 95 3 −5 −2 37 65 0.20 0.04
Without vessel 4 51 84 96 −8 −1 −1 45 87 0.28 0.06
Without vessel 5 58 90 97 4 5 1 39 68 0.22 0.05
Without vessel 6 56 89 99 1 4 3 43 77 0.25 0.05
Without vessel 7 56 87 100 1 1 4 44 79 0.25 0.05
Without vessel 8 58 87 103 5 2 7 45 77 0.24 0.05
WithoutMiller Freeman 58 83 89 5 −3 −8 31 53 0.17 0.04

The regression line was fit without an intercept, and the slope can be interpreted as the expected percentage change in the biomass index each
year.

proach for estimating the biomass indices was there-
fore: (a) estimate the probability of zero catches for
each year× stratum combination using mixed logis-
tic regression with fixed-effects for year and stratum
and a random vessel effect, (b) estimate the aver-
age catch rate for each year× stratum combination
using a generalized linear mixed-effects model with
gamma errors and fixed-effects for year, stratum, and
year× stratum interaction and a random vessel effect,
and (c) estimate a biomass index for each year as a
function of the probabilities of zero catches, the catch
rates, and the areas of the strata. The catch was as-
sumed to be normally distributed as in the previous
two questions to allow us to test statistically for the
significance of the random effects term. We assume
the gamma distribution in this and following sections
because it better represents the data likely to be ob-
served during actual surveys. We applied this approach
to the following 10 scenarios: (1) use data from all
vessels – baseline, (2–9) use data from all but one of
the eight industry vessels – vessels 1–8, and (10) use
data from all the vessels except the FRVMiller Free-
man.

For each scenario, we estimated the biomass index
for each year, the percentage change in the biomass
index from 1998 to 2000, and the slope of a regression
of the percentage change in the biomass index relative
to 1998 on year. The slope of this regression estimates
the percentage change in the biomass index per year
relative to 1998. The variances of the indices and the

change in the indices were not computed and could not
be compared.

5.2. Results

The estimates of the biomass indices, the absolute
change in the biomass index, and the percentage change
in the biomass index each year are sensitive to which
vessels are included in the analysis (Table 6). The
change in the biomass index is much more sensitive
than the biomass indices themselves. The removal of a
vessel can affect the estimates in all years even if that
vessel participated in the survey for only 1 or 2 years.
This is because the random vessel effects are assumed
to normally distributed with mean zero, so the removal
of a vessel will alter the values of the random effects
for all vessels, which will, in turn, alter all the biomass
indices.

6. How do the estimates of the biomass index
and percentage change in the biomass index
from 1998 to 2000 vary as we treat existing
vessels as being new vessels in the last year of
the survey?

6.1. Methods

This question examines the effect of new, but simi-
l We
ar, vessels entering in the final year of the survey.
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used two sets of scenarios to explore this question. In
the first set, we distributed vessels in a balanced design
with each vessel taking five samples from each stratum
× year combination. In the second set, we distributed
vessels and the number of samples from each vessel in
each stratum× year combination as inTable 2.

In each scenario, the observed catch for a given ves-
sel in a given stratum× year equaled the sum of a
random catch plus a vessel effect (Eq.(3)). For the
first scenario, with balanced vessels, the random catch
was drawn from a gamma distribution with mean equal
to the mean catch in the NMFS data for each stratum
× year combination and variance equal to the square
of the mean catch in the NMFS data multiplied bya,
which took the values of 2/9, 2/7, 2/5, 2/3, and 2 (Eq.
(5)). We chose these values fora to explore a realistic
range of variances and for coding simplicity. For the
second scenario, with vessels distributed as inTable 2,
the random catch was drawn from a gamma distribu-
tion with mean equal to the mean catch in the NMFS
data for each stratum× year combination and variance
equal to the square of the mean catch in the NMFS data
multiplied bya, which took the values 2/10, 2/9, 2/8,
2/7,. . ., 2/3, 1, and 2 (Eq.(5)). We again chose val-
ues ofa to explore a range of variances and for coding
simplicity, but the decreased computer time for each
analysis in the second scenario allowed for a finer res-
olution fora. For both scenarios, because generalized
linear mixed-effects models assume the random effects
are normally distributed even though the data can take
o es-
s and
t nd
s in
m

a for
t sels.
A ct as
t essel
a hat it
r ds to
t ted.

s of
g tra-
t cts
a . For
t e fit
G nal

year to each realization of the simulated data. For the
second scenario, with vessels distributed as inTable 2,
we fit GLMMs, which assumed no change in the ves-
sels and treated the FRVMiller Freemanas new in the
final year. We chose to look at the effect of the FRV
Miller Freemanbecause, as will typically be the case
when using both research and commercial vessels, the
FRVMiller Freemanobtained many more observations
in each year than its commercial counterparts (Table 2),
and, as such, the effect of its loss is of special concern
to managers.

We estimated the biomass index each year after
we fit the GLMMs. We then compared the estimated
biomass index and the estimated percentage change in
the biomass index from 1998 to 2000 from the mod-
els with no new vessels to those with one or more new
vessels in the final year. We repeated the analysis 100
times for each scenario and for each combination ofa
ands. This resulted in 2000 replicates for the first sce-
nario (five levels of catch variance, four levels of vessel
effect standard deviation, 100 replicates per combina-
tion) and 4000 replicates for the second scenario (10
levels of catch variance, four levels of vessel effect stan-
dard deviation, 100 replicates per combination).

6.2. Results

We present our findings in terms of the median out-
come of the simulations rather than the mean outcome
b reme
e new

T
M 2000
w treated
a

N
n

1
2
3
4
5
6
7
8
9

R

n a variety of distributional families, we drew the v
el effect for each vessel (held constant over strata
ime) from a normal distribution with mean zero a
tandard deviation,s, which ranged from 0.01 to 10
ultiples of 10 (Eq.(6)).
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he final year to treat existing vessels as ‘new’ ves
s such, the ‘new’ vessel had the same vessel effe

he existing vessel, but the analysis treated the v
s being new and unrelated to the existing vessel t
eplaced. Every time we treat a vessel as new, it ad
he number of parameters that needs to be estima

With the total catches generated, we fit a serie
eneralized linear mixed-effects models with year, s

um, and year× stratum interactions as fixed-effe
nd vessel as a random effect to the simulated data

he first scenario, with the balanced vessel design, w
LMMs, which assumed 0–9 new vessels in the fi
ecause the median is less sensitive to rare, ext
vents. For the first scenario, the median effect of

able 7
edian percentage difference between the biomass index for
hen some of the vessels are treated as new and when none is
s new

umber of
ew vessels

Vessel effect standard deviation,s

0.01 0.1 1 10

−3.71 −3.94 −4.00 −4.59
−5.12 −5.14 −5.24 −6.91
−6.23 −6.22 −6.01 −6.09
−5.78 −6.02 −5.59 −5.65
−4.95 −5.27 −4.65 −4.88
−3.11 −3.62 −2.87 −5.95
−5.49 −5.94 −4.93 −7.08
−1.71 −2.02 −1.37 −3.74
−3.54 −3.56 −3.32 −4.80

esults are for the balanced vessel distribution anda = 2/3.
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Table 8
Median percentage differences between when one vessel is treated as new and when the balanced vessel distribution is unaltered

Catch variance multiplier,a Vessel effect standard deviation,s

2000 Biomass index Change in biomass 1998–2000

0.01 0.1 1 10 0.01 0.1 1 10

2 −1.85 −1.98 −2.16 −3.46 7.75 6.39 3.42 8.88
2/3 −3.71 −3.94 −4.00 −4.59 26.32 25.83 24.68 26.90
2/5 −4.51 −4.42 −4.56 −1.21 38.65 27.86 35.03 37.01
2/7 −4.68 −4.60 −4.97 −0.33 42.14 41.32 38.4 52.02
2/9 −4.91 −5.07 −4.70 −3.67 50.43 45.85 47.32 50.16

Results are shown for the biomass index for 2000 and change in estimated biomass from 1998 to 2000.

vessels in the final year was for the biomass index for
the final year to be less than when there are no new ves-
sels in the final year (e.g.Table 7). For a given number
of new vessels in the final year, decreasing the variance
in the catch,a, leads to an increase in the degree of un-
derestimation of the biomass index in the final year
(e.g.Table 8). Increasing the standard deviation of the
vessel effects,s (i.e. increasing the differences among
vessels) also increases the level of underestimation, but
there were exceptions to this trend.

The effect of new vessels on the estimated change
in the biomass index from 1998 to 2000 was much
greater than the effect on each year’s biomass index
alone, because treating vessels as new in the final year
will affect both the 1998 and 2000 biomass estimates
(Table 8). The magnitude of the effects inTable 8is
not unexpected given those obtained by removing a
vessel from the data analysis (Table 6). For example,

Table 9
Median percentage differences between when theMiller Freemanis treated as new and when the vessel distribution inTable 2is unaltered

Catch variance multiplier,a Vessel effect standard deviation,s

2000 Biomass index Change in biomass 1998–2000

0.01 0.1 1 10 0.01 0.1 1 10

2 4.55 4.65 5.42 7.41 19.17 14.49 21.91 33.43
1 6.93 6.58 5.79 8.38 32.16 26.77 28.06 47.74
2/3 8.16 7.05 7.57 8.76 36.18 33.05 37.08 41.41
2/4 7.71 7.84 7.26 7.55 37.04 38.43 36.62 37.61
2/5 8.56 8.15 7.84 6.82 42.75 42.08 39.19 42.16
2 8
2 9
2 9
2 8
2 7

R in estim

removing Vessel 1 increases the 1998 biomass index
by 9% but decreases the 2000 biomass index by 5%,
resulting in the estimated percentage change from 1998
to 2000 falling from 74 to 52%, a 29.7% decrease in
the estimate of percentage change. When examining
the effect of new vessels, we calculate the percentage
of over- or underestimation as:

median estimated % change with new vessels—

median estimated % change with no new vessels

median estimated % change with no new vessels

×100 (7)

The percentage underestimation of the estimated per-

centage change in the index can be >100% because the
median estimated percentage change can be negative
(a decrease in the index of abundance) or positive (an
increase in the index of abundance). For example, an
/6 8.35 8.73 8.06
/7 8.40 8.35 8.47
/8 8.39 8.26 8.70
/9 8.81 8.64 8.79
/10 9.08 8.57 8.81

esults are shown for the biomass index for 2000 and change
.39 40.31 43.70 43.58 41.89

.42 41.44 42.85 39.54 55.01

.59 44.28 45.57 45.80 59.97

.34 47.91 44.71 45.01 38.30

.95 48.66 44.47 48.38 37.60

ated biomass from 1998 to 2000.
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estimated change of−2% with new vessels compared
to an estimated change of 1% with no new vessels re-
sults in a−300% difference or an underestimation of
300%. This is unrelated to the standard deviation of the
vessel effect, but does increase as the variance in the
catch increases (Table 8).

We obtain results similar to those with the balanced
design when we distribute vessels as inTable 2and
only theMiller Freemanis treated as new, except when
the vessel effect standard deviation is large (Table 9).
As for the balanced design, the change is greater when
the estimated percentage change in biomass rather than
the biomass estimates in any one year are considered
(Table 9), and the magnitude of change in the estimates
is not dissimilar to that seen in the experiments in which
one vessel was dropped (Table 6). For example, the
percentage underestimation resulting from removing
the FRVMiller Freemanfrom the raw data (Table 6) is
28.4% ((53–74)/74), which compares well to the effect
of treating the FRVMiller Freemanas new in the final
year with a catch variance multiplier of 1 (Table 9).

7. How do the estimates of the biomass index
and percentage change in the biomass index
from 1998 to 2000 vary when we treat all vessels
as being new each year?

7.1. Methods

this
q ted
v king
fi n
t s and

T
M treated is unaltered

C n,s

2 5
2 7
2 2
2 2
2 9

R in estim

numbers of samples from each vessel in each stratum
× year combination as inTable 2. For each set of sce-
narios we generated the observed catch as before (Eqs.
(3), (5) and (6)) and used the same values fora ands.

We again fit a series of generalized linear mixed-
effects models with year, stratum, and year× stratum
interactions as fixed-effects to the simulated data. For
the first scenario, with the balanced vessel design, we
fit GLMMs, which assumed either all vessels occurred
in all years or that each vessel was new each year. Fur-
ther refinement could be made by looking at various
combinations of 2-year participation or treating only
some fraction of the vessels as being new at differ-
ent points in time, but that is left for future research.
For the second scenario, with vessels distributed as in
Table 2, we fit GLMMs, which assumed either vessels
were distributed as inTable 2or each vessel was new
each year.

We then estimated the biomass index for each year
and the percentage change in the biomass index from
1998 to 2000, and computed differences. A 5000 repli-
cates were conducted for the first scenario (five levels of
catch variance, four levels of vessel effect standard de-
viation, 250 replicates per combination) and 10,000 for
the second scenario (10 levels of catch variance, four
levels of vessel effect standard deviation, 250 replicates
per combination).

7.2. Results

ving
n mass
i ti-
m rn
w t-
We used two sets of scenarios to explore
uestion. In the first set of scenarios, we distribu
essels in a balanced design with each vessel ta
ve samples from each stratum× year combination. I
he second set of scenarios, we distributed vessel

able 10
edian percentage differences between when all vessels are

atch variance multiplier,a Vessel effect standard deviatio

2000 Biomass index

0.01 0.1 1

−4.20 −4.34 −3.4
/3 −5.58 −5.24 −5.4
/5 −6.00 −5.86 −5.8
/7 −6.02 −6.23 −5.9
/9 −6.29 −6.32 −6.1

esults are shown for the biomass index for 2000 and change
as new each year and when the balanced vessel distribution

Change in biomass 1998–2000

10 0.01 0.1 1 10

−3.01 −16.16 −17.17 −14.62 55.77
−4.64 −29.20 −24.55 −29.92 −1.72
−7.53 −42.23 −37.85 −35.37 −37.24
−7.47 −48.22 −40.32 −45.13 −86.98
−9.89 −46.74 −46.72 −44.56 −137.60

ated biomass from 1998 to 2000.

With balanced vessels, the median effect of ha
ew vessels each year was to underestimate the bio

ndex for 2000 (Table 10), with the extent of underes
ation increasing witha. There was no obvious patte
ith increasing values ofs. The results for the percen
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Table 11
Median percentage differences between when all vessels are treated as new each year and when the vessel distribution inTable 2is unaltered

Catch variance multiplier,a Vessel effect standard deviation,s

2000 Biomass index Change in biomass 1998–2000

0.01 0.1 1 10 0.01 0.1 1 10

2 −0.20 −0.35 0.00 2.22 26.59 20.10 21.67 64.14
1 −0.17 −0.22 0.34 4.53 31.00 30.92 28.75 129.06
2/3 0.00 −0.16 −0.30 5.88 37.56 35.96 38.41 144.49
2/4 −0.29 −0.64 0.02 6.89 35.22 40.16 40.69 176.16
2/5 0.21 −0.52 −0.15 5.88 45.05 38.10 44.01 168.65
2/6 0.13 −0.12 0.24 7.58 46.87 40.01 45.51 234.96
2/7 0.11 0.18 0.12 8.60 47.54 42.96 47.51 210.21
2/8 0.06 −0.08 0.07 4.96 46.39 43.72 45.77 182.49
2/9 0.32 0.13 0.28 4.86 47.61 42.31 47.28 144.60
2/10 0.20 0.23 0.31 8.45 48.36 49.56 52.01 293.79

Results are shown for the biomass index for 2000 and change in estimated biomass from 1998 to 2000.

age change in biomass from 1998 to 2000 (Table 10)
are similar, except when variance in catch and standard
deviation in vessel effect were high.

With vessels distributed as inTable 2, the median
effect of having new vessels each year was to either
underestimate or overestimate the biomass index for
2000 (Table 11). However, treating all vessels as new
each year led to a median effect of overestimating
the percentage change in biomass from 1998 to 2000
(Table 11). As was the case when the FRVMiller Free-
manwas assumed to be new in the final year (Table 9),
overestimation increased with decreasing variance in
the catch. The overestimation changed little with in-
creasing standard deviation of the vessel effect, except
whenswas 10.

8. Discussion

It is clear that the suite of vessels used for the survey
and how often they are replaced can have major impacts
on the accuracy of the survey indices and their trends.
The statistical power to detect differences among the
vessels is quite high. If there is a vessel effect, we are
likely to detect it, and we are not likely to detect a vessel
effect when one does not exist, assuming a vessel effect
that is constant across years. Adding inter-annual vari-
ability in the vessel effects in the simulations may de-
crease our ability to detect such effects, but the impact
of such variability on the estimates of the biomass index
a ncer-

tain and left for future research. The fact thatHelser et
al. (2004)were able to estimate such inter-annual vari-
ability using GLMMs suggests that questions regarding
detection and sensitivity are worthy of investigation.

Interestingly, it is not the standard deviation, and
hence size, of the vessel effects that seems to matter, it
is simply that there are differences among vessels, and
the estimation method is very sensitive to them. This
can be seen clearly from the experiments in which one
or another vessel is left out of the analysis in which
the estimated percentage change in abundance varies
from 52 to 96%. Even when smoothed with a regres-
sion analysis by fitting a straight line to the data, the
percentage change over a 3-year period varies from
16 to 31% (Table 6). The estimate of this percentage
change altered by 30–50% in the experiments that treat
a vessel as new in the final year. This shows that the
estimates of resource recovery could become highly
variable simply due to the change in vessels used if ves-
sels were to drop in and out of the survey frequently.
The impact of changing vessels to some degree will
be diminished if biologically linked stock assessment
models, rather than simply the percentage change in
the index of biomass, is used, but examination of this
is beyond the scope of the present study.

Though the simulation studies are ostensibly for
‘vessels’, this really is a proxy for any substantive
change in the survey instrument, be it the captain, the
gear, or the vessel itself. This is not at all surprising
given examples from other parts of the USA, such as the
n about
nd the percentage change in biomass index is u
 ortheast U.S., where concerns have been raised
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the impacts of gear changes over time and the need
for calibration on dedicated research survey vessels
(NEFSC (Northeast Fisheries Science Center), 2002).
Such calibration is not feasible for commercial ves-
sels, or would be prohibitively expensive or difficult to
schedule, given the vessels are primarily dedicated to
commercial fishing are only available for a restricted
period of time.

The GLMM approach is an innovative and appropri-
ate means to try to reconcile vessel differences. How-
ever, the results presented here indicate that this should
not be taken to mean that the effects of vessel differ-
ences can be ‘modeled away’ or that the specific choice
of vessels will not have major impacts. This, in turn,
implies that having as consistent a set of vessels and
vessel characteristics as possible from year to year is es-
sential to monitoring recovering stocks. Always having
the same vessels year after year is an unrealistic goal.
However, the results of this study suggest that vessels
willing to make longer-term commitments to participa-
tion in the survey are of more value than vessels with
shorter-term commitments. What would an agency gain
by moving from a 2-year contract to a 5-year contract?
How much more would an agency be willing to pay for
such contracts? How would this compare to the costs of
a dedicated research vessel? Future research should ex-
amine the information value associated with long-term
survey contracts, the potential cost-benefit trade-offs
of these contracts, and how inter-annual variability in
vessel performance may alter this assessment.
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homas Helser, André Punt, Teresa Turk, and oth
embers of the NMFS groundfish assessment pro

or initiating this project and guiding us through t
ntricacies of the data. We would also like to tha
387–401.
nijders, T.A.B., Bosker, R.J., 1993. Standard errors and sample

for two-level research. J. Ed. Stat. 18, 237–259.
toker, L., Bowers, J., 2002. Designing multi-level studies: sam

voters and electoral contexts. Elect. Stud. 21, 235–267.
urk, T.A., Builder, T., West, C.W., Kamikawa, D.J., Wallace, J

Methot, R.D., 2001. The 1998 Northwest Fisheries Science
ter Pacific west coast upper continental slope trawl surve
groundfish resources off Washington, Oregon, and Califo
estimates of distribution, abundance, and length compos
NOAA Tech. Memo. NMFS-NWFSC-50, 122 pp.


	Examining the importance of consistency in multi-vessel trawl survey design based on the U.S. west coast groundfish bottom trawl survey
	Introduction
	Data and general methods
	What is the probability of detecting a vessel effect when there is not one?
	Methods
	Results

	What is the probability of detecting a vessel effect given there is one?
	Methods
	Results

	How sensitive are the estimates of the biomass index and change in the biomass index over time to the exclusion of individual vessels from the NMFS data set?
	Methods
	Results

	How do the estimates of the biomass index and percentage change in the biomass index from 1998 to 2000 vary as we treat existing vessels as being new vessels in the last year of the survey?
	Methods
	Results

	How do the estimates of the biomass index and percentage change in the biomass index from 1998 to 2000 vary when we treat all vessels as being new each year?
	Methods
	Results

	Discussion
	Acknowledgements
	References


