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Simulation methods were used to investigate the effect of side-aspect fish orientation on estimates of fish biomass derived from
acoustic data. Three population-level length distributions (n = 1000 individuals) were simulated (identical, uniform, and age class)
and applied to a target strength (TS) function of fish length previously derived for Gulf menhaden (Brevoortia patronus).
Systematic manipulation of the TS–length coefficients strongly affected the biomass estimates. Based on simulations, biomass esti-
mates decreased markedly from the true side-aspect to head- or tail-on orientation, with estimates of population biomass decreasing
by 80% when orientation deviated by as little as 308 from true side-aspect. Simulated data indicate that biomass estimates generated
from surveys may be grossly inaccurate if fish orientation is not taken into account.
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Introduction
For fishery surveys to serve as useful indices of biological bench-
marks (e.g. biomass, density, abundance), attempts should be
made to identify and quantify the sources of uncertainty (Rose
et al., 2000) so decreasing survey error. Acoustic surveys, often
considered less biased than traditional fishing-based methods
(e.g. trawls, traps, etc.), can be fraught with uncertainties from
both systematic and random errors, see Simmonds and
MacLennan (2005), with potential to mask the true survey
results and conclusions. Nevertheless, acoustic surveys are often
used to estimate the distribution of biological targets for assess-
ment purposes (Demer and Conti, 2005; Mello and Rose, 2005;
Simmonds and MacLennan, 2005; Løland et al., 2007; Walline,
2007). Common sources of error include measurement error
(Rose et al., 2000), target strength (TS) variability (Demer, 2004;
Demer and Conti, 2005); calibration error (Rose et al., 2000);
environmental noise (Simmonds and MacLennan, 2005); and
behavioural variability (Kubecka and Duncan, 1998; Drastik and
Kubecka, 2004; Løland et al., 2007). However, TS appears to
have the greatest potential to bias survey results (Simmonds and
MacLennan, 2005).

It is well understood that fish orientation and condition can
significantly affect the scattering intensity observed from a fish
(Love, 1977; Foote, 1980; McClatchie et al., 1996; Ona, 2003).
When using a vertically aimed transducer, changes in the fish
tilt-angle can produce marked changes in measured TS (Foote,
1980; McClatchie et al., 1996; Benoit-Bird and Au, 2001);
changes in the TS measured at side-aspects can be even more pro-
nounced (Kubecka and Duncan, 1998; Lilja et al., 2000; Frouzova
et al., 2005; Boswell and Wilson, 2008). Large variations in the

measured scattering strength will inevitably lead to uncertainty
and error in the biomass estimates of a surveyed population
(Rose et al., 2000).

Side-aspect acoustic surveys are becoming common in shallow-
water areas where the more traditional vertical-sounding methods
are impractical (Kubecka and Wittinegerova, 1998; Pedersen and
Trevorrow, 1999; Boswell and Wilson, 2008). However, researchers
are more likely to encounter unpredictable changes in TS estimates
for schooling fish, given their polarized swimming behaviour.
Consequently, these changes in fish behaviour may ultimately
translate into unexplained variability in the biomass estimates
for schooling fish.

In this paper, we demonstrate how three sources of variation
could affect the acoustic estimates of fish biomass for a schooling
species. Our objectives were to quantify the effect of (i) the
length–weight relationship, (ii) fish orientation, and (iii) TS–
length regression coefficients on the estimates of fish biomass.
The goal was to identify how these sources of error could affect
the estimates of biomass calculated using acoustic data. There
are many sources of uncertainty in fishery acoustics, and their rela-
tive contributions to uncertainty in empirically determined
biomass estimates require better evaluation.

Methods
To identify the relative magnitude of the error associated with each
factor cited, three populations (each with n = 1000) were simu-
lated. The first, comprising only 7 cm individuals, is hereafter
called the “identical” population. The second had a mean length
of 7 cm, but comprised individuals whose lengths were taken
from a uniform random distribution between 3.5 and 10.5 cm
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(i.e. mean length +50%), hereafter referred to as the “uniform”
population. The third was a simulated population comprising
three age classes, where the youngest (age 0) had a mean length
of 3 cm, the second youngest (age 1) a mean length of 7 cm,
and the oldest (age 2) a mean length of 10 cm (Figure 1). A
random normal distribution of lengths within each age class was
assumed, so that the standard deviation (s.d.) around the mean
was 0.5 cm for age-0 fish, 0.75 cm for age-1 fish, and 1.0 cm for
age-2 fish. This simulated population is hereafter called the “age-
class” population.

For each analysis, except that of the length–weight equation,
the “true” side-aspect TS response (TStrue, dB re 1 m2) was simu-
lated based on the TS–length function derived for Gulf menhaden
(Brevoortia patronus), a dominant fish in northern Gulf of Mexico
estuaries (Rozas and Reed, 1994; Rozas and Zimmerman, 2000;
Jones et al., 2002):

TStrue ¼ a log10ðLÞ þ b; ð1Þ

where the nominal values for a and b are 26.1 and –65.6, respect-
ively, and the fish length L is in centimetres (Boswell and Wilson,
2008). Changes in fish orientation (u, in degrees) relative to the
lateral axis of the target were calculated as deviations on TStrue.
In general, TS has a parabolic relationship with orientation as a
fish rotates from 08 (side-aspect) to 908 (head- or tail-on perspec-
tive; Love, 1977; Kubecka and Duncan, 1998; Boswell and Wilson,
2008). The parabolic fit to the TS distributions from Gulf
menhaden is

TSu ¼ 0:0013ðuÞ2 þ 0:2354ðuÞ � 42:65; ð2Þ

where TSu is the TS of a fish at angle u relative to the side-aspect.
TSu was normalized to a maximum of 1 at 08 to determine the pro-
portional deviation (g) in TS caused by changes in orientation
relative to the side-aspect:

g ¼ �0:00003ðuÞ2 þ 0:0054ðuÞ þ 1: ð3Þ

It was assumed that the proportional deviation was indepen-
dent of fish size. Thus, the TS derived through the simulation is
the product of TStrue and g and represents the actual TS (TSACT):

TSACT ¼ TStrue � g: ð4Þ

Consequently, fish lengths (L, cm) calculated using the deviation
from side-aspect (u = 0) were

L ¼ 10ðTSACT�bÞ=a; ð5Þ

where the nominal values of a and b as stated above were used.
Thus, when u = 00, TSACT = TStrue. Fish mass (g) was calculated
using the length–weight equation for menhaden proposed by
Vaughan et al. (2000):

massðgÞ ¼ 0:0119 L3:2: ð6Þ

The biomass for each population was determined by summing
across all individuals within each population. For all analyses,
population biomass was standardized to the value calculated
with the nominal equation coefficients. Standardizing the response
allows at least a qualitative judgement of how each treatment
affects the biomass calculations. Wherever possible, the indepen-
dent variables were also standardized to determine how pro-
portional changes in the nominal equation coefficients affected
the biomass estimate.

Length–weight equation error
The effect of error in Equation (6) on the biomass of each popu-
lation was determined. Gaussian noise was added to the exponent
in Equation (6), with a mean of zero and s.d. = 0.0, 0.05, 0.10, 0.15,
0.20, and 0.25. Adding this noise caused increasing deviations
from the simulated mean weight for a given length. The analysis
was limited to s.d. values of �0.25 to constrain the estimates of
weight-at-length within reasonable bounds. For each population,
1000 numbers were drawn from the Gaussian distribution, that
is to say, the number of individuals in each population. This
value was added to the exponent before calculating the weight
for each length.

Fish-orientation error
Two separate analyses were conducted to investigate how fish
orientation affects biomass estimates. The first determined the
population biomass for fish that were all orientated in the same
direction, where the biomass was calculated at 58 orientation
increments between 0 and 908. It was assumed that fish orientated
at u ,08 or .908 would provide mirror-image TS variations over
adjacent angles. For example, according to Equation (4), fish
orientated at u = 828 and 988 should have the same TSACT, and
likewise for fish orientated at u = 2958 (258) and +58. To isolate
the effect of orientation error, the nominal values of the coeffi-
cients in Equation (5) were assumed.

For the second analysis, variability was introduced in the orien-
tation of each fish within a given population at each 58 increment.
Schooling fish are unlikely to orientate in one direction; some will
be at angles greater or less than the population mean. To account
for this, two types of variability were incorporated, by adding
either random Gaussian (0, s.d.) or uniform (20.5, 0.5) noise
to the mean orientation of each fish. The selection of Gaussian
and uniform distributions was an arbitrary choice to demonstrate
how alternative distributions could affect biomass estimates. The
magnitude of the noise was determined by a multiplier (k)
applied to the s.d. of the Gaussian distribution (s.d.� k) or to
the limits of the uniform distribution (20.5 k to +0.5 k).
Multipliers ranging from 0 to 10, at increments of 0.5, were
applied to both the Gaussian and uniform noise distributions.

Figure 1. Length frequency distributions of the three populations:
identical, uniform, and age class. For each population, n = 1000
individuals.
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Increasing noise caused the orientation distributions within a
population to spread either normally (Figure 2a–d) or uniformly
around the mean value of u (Figure 2e–h). The biomass of each
population was calculated using the TS derived from Equation
(4), accounting for individual orientation. By plotting the total
fish biomass of each population against the range of multipliers
at mean orientations (u) of 0, 30, 60, and 908, the effects of both
normal- and uniform-orientation noise could be determined.
Although biomass was calculated at every 58 increment, the four
selected values of u were suitably representative of trends that
emerged during the analysis. The response (biomass) was standar-
dized to 1, based on the “true” biomass for each population (deter-
mined at u = 08 and s.d. = 0).

TS–length equation error
A systematic approach was used to quantify how variation in the
TS–L function [Equation (1)] could affect population biomass esti-
mates. TS values calculated using the original length distributions of
each population (with u = 08 and no orientation noise) were used to
manipulate the TS–L coefficients in Equation (1). Here, a and b
were manipulated systematically and used to recalculate fish
lengths with Equation (5). At first glance, this may seem circular;
however, the TS derived from the original length distributions was
considered to be an arbitrary starting point for analysis. The TS–L
coefficients in Equation (5) were varied +10% in 1% increments
to produce lengths that were converted to mass using the nominal
coefficient values from Equation (6). A response surface was gener-
ated, relating total biomass for each population to the unique com-
binations of a and b. Response surfaces were produced for both
actual and standardized coefficient values.

Results
Effect of length–weight equation error
For the three populations, adding more variability into the
length–weight equation led to predictable alterations of the
length–weight relationship. However, increasing variability had
little effect on the estimates of the total biomass of each population
(Table 1). Without error in the length–weight equation, the

biomass of the identical population was 6023 g. The biomasses
of the uniform and age-class populations were 7840 and 3408 g,
respectively. Compared with these baselines, the level of variability
applied (s.d. = 0.25) produced population biomass estimates that
increased by 14% (6851 g) for the identical population, 11%
(8709 g) for the uniform population, and 11% (3781 g) for the
age-class population.

Effect of orientation on population biomass
Increasing u away from 08 resulted in a large negative effect on the
biomass estimates, which for all three populations declined expo-
nentially with increasing angles of orientation (Figure 3).
Consequently, orientations close to, but deviating away from u =
08, resulted in strong negative bias in the biomass estimates. For
instance, populations that were orientated at only u = 58 produced
biomass estimates 30% lower than the true values, and at u = 108,
the estimates were 50% lower (Figure 3b). Orientations more than
u = 108 resulted in severely biased estimates. At u = 908, the esti-
mated biomass for all three populations was only 5% of the true
biomass. By increasing u from 08, a concomitant reduction in
TS was observed, and this led to a narrower length frequency dis-
tribution (Figure 4).

In general, the mean orientation assigned to the population was
the dominant determinant of biomass. Adding variation to a
population’s mean orientation had little influence on overall

Figure 2. The effect of increasing variation in individual orientation within a population (y-axis) for mean orientations of (a) 08, (b) 308, (c)
608, and (d) 908. The multiplier (k) was applied to the s.d. of the Gaussian (s.d.� k) or the limits of the uniform (20.5� k, 0.5� k)
distribution.

Table 1. Biomass (g) values of the three populations calculated at
increasing levels of variability (s.d.) imposed on the exponent of the
length–weight equation.

s.d.

Population

Identical Uniform Age class

0.00 6 023.7 7 840.1 3 408.1
0.05 6 052.0 7 857.7 3 392.8
0.10 6 130.4 7 986.0 3 500.8
0.15 6 375.7 8 298.2 3 531.7
0.20 6 531.4 8 439.0 3 806.4
0.25 6 851.2 8 708.6 3 779.6
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biomass, excepting for mean u = 08 (Figure 5). At u = 08, increas-
ing the Gaussian and uniform noise also resulted in negative bias,
reducing the biomass estimate by 22% and 15%, respectively.
Paralleling the first orientation analysis, values of u. 08 reduced
the biomass estimates (Figure 5c–h). At u = 308, biomass
increased slightly with increasing noise for each population, but
remained between 18 and 20% of the true biomass always
(Figure 5c and d). Both increasing and changing the nature of

noise had little effect on biomass estimates at u = 60 and 908,
and all populations remained within 6 and 5% of the true
biomass, respectively, at these orientations (Figure 5e–h).

Effect of error in the TS–length function
Systematic manipulation revealed that both coefficients in the TS–
length function have a strong effect on biomass estimates.
Estimated biomass consistently increased with larger a or b. This
created isoclines that shifted linearly from left to right, moving
up the y-axis with increasing values of b (Figure 6, only the age-
class population is illustrated). Within the array of coefficients
tested, biomass estimates ranged between 507 and 71 500 g for
the identical population, between 625 and 98 800 g for the
uniform population, and between 276 and 42 500 g for the age-
class population. These ranges corresponded to an 11-fold

Figure 3. Relationship between fish orientation and estimated
biomass for each population displayed as (a) total biomass and (b)
proportion of true biomass. The nominal condition for (b) is defined
as the biomass at u = 08.

Figure 4. The effect of fish orientation (u) on the estimated length
frequency distribution for the age-class population. The nominal
length frequency distribution occurs at u = 08.

Figure 5. Effect of increasing the variation (k) of individual fish
orientation (u) on the proportional estimates of population biomass.
Two types of variation were applied: random Gaussian (left) and
random uniform (right). All three populations are illustrated:
identical (triangle), uniform (circle), and age class (square).

Side-aspect orientation and acoustic estimates 1401

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/66/6/1398/693618 by guest on 20 April 2024



change in biomass relative to the 10% increase or decrease in both
a and b (Figure 6). The smallest biomass estimates corresponded
to the lowest values of both a (23.5) and b (272.2 dB; upper left-
hand corner of Figure 6). Similarly, the greatest biomass corre-
sponded to the largest value of both a (28.7) and b (259.0 dB),
that is to say, near the lower-right corner of Figure 6.

Cross sections of biomass vs. the TS–length coefficients
revealed that proportional changes in a (Figure 7a) at the
nominal value of b (265.6 dB) have a lesser effect on biomass
when compared with the same proportional changes in b
(Figure 7b) at the nominal value of a (26.1). The biomass of the
age-class population was �22 000 g at the greatest value of b,
and ,600 g at the lowest value of a. In contrast, the same popu-
lation had a biomass of 1800 g at the lowest value of a, and
�6600 g at the highest value of a. These patterns were similar
for the other two populations, although the absolute values were
greater (Figure 7).

Discussion
In this series of simulations, three different, population-level, fish
length distributions were generated to provide discernible contrast
in calculated biomass estimates as a function of fish orientation for
schooling species. Although it is unlikely that a real fish population
would resemble the “identical” case, inclusion of that distribution
served as a baseline for comparison with the other distributions.
The uniform and age-class distributions are commonly used in

modelling studies to predict size-based characteristics of fish
populations. The age-class model most closely resembles the size
distributions of a natural population and serves as the likely can-
didate to compare with natural systems. However, in situ obser-
vation is the most appropriate method to determine the proper
length frequency distribution to describe a given population.

Biomass estimates generated from acoustic surveys are gener-
ally, though tenuously, regarded as relative estimates (Yule, 2000;
Boswell et al., 2007). Based on the simulations reported here,
indices of biomass can be considered useful and interpretable
when accounting for in situ orientation. The results indicate that
the two most important sources of error are the TS–L coefficients
(a and b) and the ability to account for fish orientation. Slight
deviations in the coefficients generated measurable effects on
biomass estimates. Most notably, the intercept (b) elicited large
proportional changes in biomass estimates. This result is consist-
ent with that of Boswell et al. (2008a), who applied five different
TS–L functions to field data and demonstrated that the choice
of coefficients can result in disparate biomass estimates.

Changes in orientation away from the side-aspect (u = 08) led
to substantial declines in the observed biomass estimates. As the
fish orientation changed from u = 0 to 308, the population
biomass predicted by the presented models decreased by 80% of
the simulated “true” value. Therefore, as the apparent cross
section of the swimbladder changed with the fish orientation,
the predicted biomass estimates decreased sharply, specifically
within the first 308 from u = 08.

Although we analysed each source of error individually, the
potential bias from both an imprecise TS–L function and the
unknown orientation of the insonified fish suggests a significant
cumulative effect on the estimates of population biomass.
Although it is possible to minimize this effect by accounting for
orientation based upon direct observation, for example, with
video or imaging sonars such as the DIDSON, most surveys are
not yet designed to accommodate such ground-truthing. In
addition to error associated with the uncertain orientation, the
doubtful identification and partitioning of scattering data by
different taxa has also been reported as a significant source of
error (Rose et al., 2000; Simmonds and MacLennan, 2005) and
that problem requires further evaluation.

As demonstrated through these simulations, perhaps the sim-
plest criterion for reducing error is assuming a single-species
assemblage, with a mean population-level orientation. Except for
targets orientated at a mean u = 08, the TS estimates do not
change significantly with the variation in population orientation.
For example, if the mean orientation is u = 308, the increase in
the variation of individual orientations within the population
does not appear to affect estimates of the population biomass sig-
nificantly. Therefore, if a TS–L function that accounted for mean
population orientation could be applied, it might be feasible to
correct the overall estimates of population biomass accordingly.
Of course, this might not be feasible when there are multispecies
assemblages present, with different scattering strengths among
species (McClatchie et al., 1996). Moreover, the proposed
methods would likely be unrepresentative of non-schooling fish
whose swimming behaviour could be better represented as
random. When applying a random component to the three mod-
elled populations, such that the orientation of each individual
within each population is assumed randomly distributed between
u = 0 and 908, the population estimates were reduced by 82–84%
relative to the “true” values, as illustrated in row 1 of Table 1.

Figure 7. Cross sections of Figure 6 taken at the nominal value of a
(panel a; 26.1) and b (panel b; 265.6) for each population.

Figure 6. The effect of varying the TS–L coefficients (a and b) on
the standardized biomass of the age-class population. The biomass
corresponding to the nominal coefficients lies in the centre of the
plot at the point (1.0, 1.0). Plots for the other two populations were
similar.
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To reduce the uncertainty in a given survey, every effort should
be made to eliminate or diminish the magnitude of known error
sources. When considering fish orientation, perhaps the most
plausible method is to acquire in situ information on the orien-
tation and behaviour of targets simultaneously, in addition to
the routine acoustic data collected during surveys. The DIDSON
imaging sonar was recently used in field studies to acquire data
on the in situ size, behaviour, density, and orientation of targets
within an insonified volume (Moursund et al., 2003; Holmes
et al., 2006; Burwen et al., 2007; Boswell et al., 2008b). In some
cases, such information could facilitate the proper classification
of acoustic targets on a taxon-specific level (Burwen et al.,
2007). This could contribute to an overall reduction in survey
error, as described by Rose et al. (2000). Though simulation exer-
cises are useful, they are limited by the quality of the initial par-
ameter values. It is suggested that before undertaking extensive
acoustic surveys, the sources of uncertainty that contribute to
error should be identified and a plan should be developed to miti-
gate them. In addition, to reduce the overall survey error, the sim-
ultaneous application of novel techniques to ground-truth the
assumed property of insonified targets is to be encouraged.
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