






Figure 2. Echograms of Smith Sound cod showing (a) relative low-density, pelagic, night-time distributions in January 1999 (2 km across,

maximum depth 250m), (b) dense, near-bottom, day-time distributions in January 2000 (900m across, maximum depth 150m) and (c)

more pelagic, night-time distributions at the same site in January 2000 (300m across, maximum 150m depth). The surface 50m has been

removed from each echogram. Echogram colour scales are �20 dB (red) to �75 dB (blue) at 20 Log R time-varied-gain (echograms

produced in FASIT, LeFeuvre et al., 2000).
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is the survey or block area within which densities are

extrapolated or interpolated. The TS was estimated from TS

(dB/kg)¼�11.26 log length (cm) �13.67, based on weight

(kg)¼ 0.00005 length (cm)3.126 and TS (dB/fish)¼ 20 log

length (cm) �67.5 (unpublished). Each term in the biomass

equation is subject to bias and imprecision and has an error

term (Rose et al., 2000). In the development of a survey

methodology with maximum precision and little bias, par-

ticular attention has been given to mean sa, D and TS (to

be reported elsewhere).

The mean sa was calculated in several ways using rou-

tines written in SPSS except for the geostatistics. All

methods used the same data, which comprised cod density

(Rage groups(sa/rbs�D)) calculated for each 100m of each

transect for depths[100m; no fish were identified at shal-

lower depths. The simplest analysis spanned the full survey

area and used all the data to calculate mean density and

standard deviation (s.d.) for each survey. Next, a geostatis-

tical mean density and s.d. were calculated based on

a spherical-anisotropic variogram and kriging using GSþ
software (Gamma Designs Inc.). The next level of analyses

used block-averaged density extrapolated to block area to

estimate a block-weighted average and s.d. density (Table

2). A 2-stage adaptive method was also developed for the

surveys from 1999 onwards. In this method, an initial

‘‘axis’’ transect along the Sound trench was used to group

adjacent blocks into ‘‘superblocks’’ having similar cod

densities – generally within one order of magnitude – with

allowance to skip one anomalous block (Table 2). Within

each superblock, transect mean densities were then used to

estimate superblock mean and s.d. densities (n¼ number

of transects), which in turn were extrapolated over the

superblock then summed to total biomass. Finally, the

superblock-based estimates from each survey, which were

judged to be the most precise of the single-survey methods,

were used to make inter-survey estimates of mean and s.d.

density based on the notion that these were replicates that

represented the full range of expected variability from all

sources.

Based on echogram examinations that show cod well off

the bottom in most instances, though there are exceptions

mostly in day-time (Figure 2), detectability (D) was thought

to be high in winter. To examine D in more detail, catches

from experimental Campelen 1800 sets (16.5-m span by

4.5-m height by 475-m set length) were used to estimate

swept-area densities for comparison with acoustic measures

over the same ground in the bottom 4.5m, which included a

deadzone (DZ) density extrapolation. Extrapolations over

the estimated DZ were based on the mean density in the

adjacent 4.5m.

Short-duration (1–5min) fishing sets were conducted

during all surveys to estimate fish length and biological

properties (Table 1). Windows were cut in the trawl to

further limit the catch in some instances. In January 2000,

as a result of concerns about size and age structure within

the aggregation, five fishing sets were conducted that

covered all the main parts of the aggregation. Mean length

of catches for the TS model (TS(dB)¼ 20 Log10 length

(cm) �67.5 (unpublished)) was calculated in two ways. For

non-blocked estimates, a mean length weighted by trawl

catch was used. For blocked estimates, either the mean

length from the nearest set was used or with superblocks, a

Table 2. A summary of densities (kg per m2) for surveys in January in Smith Sound in the period 1999–2002. Blocks indicated by letters.
Superblocks for each year are indicated by horizontal lines. Zeros indicate block not surveyed. Low but non-zero densities rounded up to
0.001.

Surveys

99-1 99-2 00-1 00-2 01-1 01-2 01-3 01-4 02-1 02-2 02-3 02-4 02-5 02-6 02-7 Mean

A 0 0 2.39 0.001 0 0.001 0 – 0.001 0 0 0.001 0 0 0 0.171
B 0 0 7.55 0.001 0 0.001 0 – 0.001 0.001 0.001 0.001 0.002 0 0 0.540
C 0.01 0.09 2.81 0.107 0.001 0.001 0 – 0.001 0.001 0.001 0.001 0.001 0 0.001 0.216

D 0.02 0.04 0.218 0.041 0.007 0.002 0.513 – 0.001 0 0.001 0.001 0.001 0.001 0.001 0.060

E 0.62 0.73 0.036 0.747 0.001 0.308 0.001 – 0.002 0.001 0.005 0.003 0 0.044 0.017 0.180

F 1.29 1.09 0.272 1.27 0.069 0.255 0.453 – 0.475 0.675 1.13 0.509 0.083 2.08 1.57 0.802

G 2.00 1.85 0.007 2.02 0.001 0.087 0.001 0.006 0.057 0 0.017 0.003 0 0.001 0.001 0.403

H 1.04 1.13 0.061 1.15 8.53 2.82 5.60 0.034 0.029 0.001 0.015 0.019 0.001 0.014 0.016 1.364

I 0.51 0.26 1.03 0.296 1.70 4.63 3.16 8.17 0.094 0.156 0.051 0.058 0.004 0.034 0.147 1.353

J 0.12 0.21 1.63 0.224 0.322 0.935 0.302 5.84 2.52 2.92 8.46 3.28 1.19 4.53 7.03 2.634
K 0.13 0.36 0.050 0.383 1.41 2.54 0.415 4.96 3.51 4.97 10.31 6.84 10.6 12.1 1.62 4.013

L 0.06 0.07 0.123 0.067 0.001 0.010 0 0.002 0.00 0.003 0.042 0.010 0 0.016 0.001 0.028

M 0.01 0 0 0.001 0 0.059 0 0.001 0.001 0.002 0.005 0.012 0 0.002 0.001 0.006
N 0 0 0.001 0 0 0.002 0 0.001 0 0 0 0 0 0 0 0.000
O 0.01 0 0.001 0.001 0 0.002 0 0.002 0 0 0 0 0 0.001 0.001 0.001
P 0 0.47 0.005 0.482 0.001 0.001 0.001 0 0 0.001 0.001 0.003 0.001 0.001 0.001 0.065
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mean length weighted by trawl catches within the super-

block. A similar strategy was employed to disaggregate

biomass by age.

The quality of the biomass estimates cannot be judged

directly because the true biomass is not known. However,

age-disaggregated data can be used to judge the inter-

annual, internal consistency of numbers-at-age, which after

age 3 or 4 may be expected to decline each year. Negative

values of instantaneous mortality (Z, log change in num-

bers) indicate more fish in later years from the same cohort

and point to inadequacies in a survey. Total biomass was

converted to numbers-at-age by multiplying by the pro-

portions of each year class in the catch and weights-at-age

determined from sampled fish.

Results

Initial examination of all the survey results indicated that

June–October surveys gave highly variable results while

showing a general decline over the year (Figure 3a). In

consequence, there was little internal consistency in age

classes from year-to-year (negative Zs). Sequential surveys

in several years indicated that most cod left the Sound in

June and returned in late fall. Hence, surveys in different

seasons were judged not to be directly comparable for the

purpose of achieving a biomass index. In addition, from

June to October, cod distributions were variable in both

the horizontal and vertical planes and were often found in

association with capelin (Mallotus villosus) and herring

(Clupea harengus) schools. However, from January to

May, cod were typically found in relatively stationary,

semi-pelagic and mono-specific aggregations and vertical

migrations were limited to the expansion of the layer of fish

upwards at night (Figure 2). Night-time surveys typically

produced higher estimates of biomass than day-time sur-

veys, although the differences averaged only 15% (paired

t-tests, P\0:05). Ice conditions in some years could

hinder surveys from March to May. Taking all into ac-

count, January was considered to be the month when cod

were most amenable to acoustic surveying and the es-

timated biomass was most likely to be representative of

population trends from year to year.

In January, cod densities were typically highest in the

middle and deepest inner blocks of the fjord (f–k), but there

was variation in distribution both within and between years

(Table 2). Although within-year variation was minor in

most years and typically, appeared to be movement be-

tween adjacent blocks (within superblocks), in 2000, there

was a major movement from blocks a–c to blocks e–h

between surveys.

The adaptive-survey method had the lowest CVs of the

several single-survey methods used to estimate mean sa and

density in the seven surveys conducted in January 2002

(Table 3). However, the CVs ranged over an order of mag-

nitude. Sequential surveys using the same 2-stage, adaptive

design gave a consistent CV in the range 0.3–0.4. The

reported estimates of biomass for January 1999–2002 were

henceforth based on this method, although the number of

surveys in each year was not constant.

Acoustic detectability (D) was estimated to be 86% at

night and 73% during the day. With a DZ correction applied

to the acoustic data, there was a 1 : 1 relationship between

trawl catch and acoustic density (including the DZ cor-

rection) in the bottom 4.5m, the trawl height (Figure 4).

As with TS, there was evidence of a seasonal difference

between experiments conducted in January and June

(Figure 4), but these differences are not important here

because the surveys were specified for winter only.

A visual examination of age frequencies suggested

consistency in the year-to-year relative strengths of most

cohorts (Figure 5). However, indications of bias in the size–

frequency distributions according to geographic position

led to more extensive sampling in 2000 to determine length

and age structure within the aggregation (Figure 6). There

was a strong trend towards smaller (and younger, age not

reported) fish towards the outer part of the Sound with

Figure 3. Survey biomass estimates by month (a) and year (b).

Open circles are January surveys used as a biomass index. All other

surveys are closed circles. Ninety-five percent confidence intervals

shown for January biomass from 1999 to 2002.
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larger (and older) fish towards the inner area. This trend

matched the in situ TS measurements.

For the biomass-survey model, a full Monte-Carlo

simulation of error structure (Rose et al., 2000) indicated

the major sources of quantifiable uncertainty in the surveys

to be mean sa and TS. No other factors were important.

These simulations were used to estimate total error.

The total biomass of the cod in Smith Sound increased

from approximately 10 000 t in 1995 to 25 000 t in 2001,

then declined to 23 000 t in 2002 (Figure 3b). The January

biomass surveys were internally consistent after being age-

disaggregated, with positive Zs for all cohorts ranging from

0.3 to[2 for the oldest year classes (Table 4). The Z values

of the best-estimated cohorts, strongest year classes and

least likelihood of net selectivity were approximately 0.4–

0.5. Overall, the biomass approximately doubled in the 7

years since 1995, indicating an average rate of increase

around 0.2.

Discussion

Internally consistent acoustic surveys of absolute cod total

biomass of the Smith Sound cod or abundance disaggre-

gated by age can best be undertaken during the winter when

cod are highly aggregated in relatively stationary, mono-

specific, pre-spawning groups that are semi-pelagically

distributed. Detectability is suitably high (Lawson and

Rose, 1999) and the present comparisons of acoustic and

trawl densities indicate that appropriate compensation can

be made by a linear extrapolation of near-bottom densities

over the DZ. For year-to-year consistency, such surveys are

likely to be representative of spawning components and

may be preferable to spawning-season surveys when cod

are more mobile and less aggregated (e.g. Ouellet et al.,

1997; Robichaud and Rose, 2002). The consistency of the Z

estimates suggests that these surveys are observing either a

self-contained population or a fixed, large proportion of

a population, as few fish can be found elsewhere. It is

important to note that traditional bottom-trawl surveys

are neither feasible because of the rough bathymetry nor

desirable in the potentially sensitive habitats of coastal

fjords. Indeed, even in the acoustic surveys, every attempt

has been made to limit the environmental effects of the

required fishing and catch. Tagging methods can provide

absolute indices of abundance (Lilly et al., 2001), but are

based on assumptions of random mixing and equal

probabilities of recovery, which may not hold in cases

such as this where there is no widespread fishery.

It is important to identify the sources of survey variability

(Rose et al., 2000). The key sources of uncertainty in the

Smith Sound surveys are variability in mean transect density

and TS. Using a 2-stage design based on superblocks

resulted in more homogeneous within-block densities and

hence, reduced variance: this is the most precise of the

single-survey methods attempted. However, the variability

among sequential surveys, which includes randomly deter-

mined variations from all sources (Rose et al., 2000),

provides the best estimate of the uncertainty of the full

survey result. Sequential survey variability answers the

question ‘‘If one does the survey again, and again, how do

the results compare?’’ This method compares error in-

tegrated from all sources. For example, if the TS is higher

during one survey than another, for whatever reason, it will

influence the survey sa and the overall uncertainty, but if

only a single survey had been conducted, it would not be a

factor but an unknown bias if not corrected for. In the case of

known over-wintering areas, repeated surveys are feasible.

Almost certainly both survey design and application of TS

data can be improved. A further testing of geostatistical

Table 3. The ranges of the coefficients of variation (s.d./mean) for various survey designs applied to data from seven acoustic surveys (one
in light, six in darkness) of the Smith Sound cod conducted on 13 January 2002. The repeat-survey CVs were determined from n
simulations based on n�1 samples of density and TS drawn at random from the adaptive-survey estimates and experimental TS data.

Single surveys
unstratified

Single surveys
geostatistics

Single surveys
stratified

Single surveys
adaptive

Repeat surveys
(day–night)

Repeat surveys
(night)

CV 3.7–5.8 1.8–5.6 2.5–3.6 0.13–1.1 0.35–0.50 0.30–0.40

Figure 4. Comparisons of acoustic measures of cod density (with

DZ correction) and trawl-catch measures in January in Smith

Sound, Newfoundland (equivalent to a comparison in the bottom

4.5m). The scales are logarithmic. Line shows best fit (Trawl¼
0.91 acoustics with zero intercept assumed); the slope does not

differ significantly ðP\0:05Þ from 1 : 1.
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methods is planned, as is the idea of using results from

extensive in situ TS measurements, to be reported else-

where, to replace the simple TS/weight model.

A worrisome feature of all trawl-acoustic surveys is un-

known selectivity of the trawl and associated bias in the

length–frequency composition of the catch. In the case of the

Smith Sound surveys, an additional concern was variation

of the size structure within the aggregation, which could

compound the bias if spatial sampling was unrepresentative

of the whole aggregation. The results of the more intensive

sampling in 2000 confirmed that concern and suggested

caution in the use of mean length and age proportions to

disaggregate biomass. The optimal solution was to use

trawl-density, weighted-mean lengths and ages within an

adaptive 2-stage survey within superblocks, to scale sa to

density and also to disaggregate biomass by age. The inter-

nal consistency of the January surveys since 1999 gives

some comfort and suggests that, with a few exceptions, these

problems have been dealt with adequately, at least for fish of

age 4þ. Younger fish are not adequately sampled to estimate

numbers-at-age.

The biological information derived from these surveys

is not fully consistent with cod population dynamics under

conditions of low adult mortality. Instantaneous rates

of mortality were relatively high ([0.5 for most older age

classes), indicative of a relatively severe decline in numbers

from year-to-year, discounting net selectivity and antoge-

netic changes in distribution. The cause of this apparent

decline is not known but it exceeds that expected from the

small fishery unless most of the recent fishing mortality for

the full stock has been sustained by the Smith Sound cod –

in 2001, an estimated 7000 t was removed from the northern

cod, with a 5500-t TAC, which is similar to total losses of

age 5þ cod from Smith Sound in that year. Two

unquantified sources of mortality are harp seals (Phoca

groendlandica) and illegal fishing. Nevertheless, at least

until 2001, the Smith Sound cod is known to be the fastest-

growing component of the northern cod since the fishing

moratorium in 1992, with a good capelin food base (Rose

and O’Driscoll, 2002). The overall biomass has increased at

a rate of approximately 0.2, which is in keeping with

expectations for this stock and the evident recruitment and

individual fish growth (e.g. see Myers et al., 1997).

In conclusion, quantitative acoustic methods can be ap-

plied to cod surveys in coastal waters with promising results.

Recommendations include:

� Survey timing should coincide with relatively stable and

spatially persistent over-wintering distributions with high

detectability.

� Night-surveys are preferred.

� Linear extrapolations of near-bottom densities should be

made through the DZ.

� A repeat-survey method based on a 2-stage design gives

the most precise and comprehensive measure of un-

certainty.

Figure 5. Total age frequencies of Smith Sound cod based on fish-

ing with bottom trawls (Campelen 1800) during acoustic surveys in

January from 1999 to 2002.
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� A TS model (length converted to dB per kg) should be

determined under local survey conditions with a temporal

component. (A length-dependant TS/weight model has

been used in this report, but a temporally variable and

partly in situ based model is under development).

� Age disaggregation of total biomass within the over-

wintering aggregation should be based on a trawl-

density, weighted-age composition.

Finally, an experimental approach to fisheries-survey de-

velopment, which includes ongoing research into the chief

sources of variability, is believed to be the best way to de-

velop indices of fish biomass with the highest level of

certainty possible.
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