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Lake Victoria is the second-largest freshwater lake in the world, and fish from the lake are a vital food resource for millions of people living
around it. The silver cyprinid (Rastrineobola argentea), a small schooling pelagic species known in Tanzania as “dagaa” contributes ca. 55% to
the total annual catch (ca. 0.51 million tonnes (MT) in 2014). The acoustic target strength (TS, dB re 1 m?) of dagaa, a key factor for biomass
estimation, is however not well described, and is a major source of uncertainty in biomass estimation. In this study, we developed a Kirchhoff-
ray mode (KRM) model to predict the TS of dagaa at standard fisheries survey frequencies. The model was based on the morphology of the
body and the dual-chambered swimbladder, as obtained from X-ray images of fish ranging in total length (TL) between 2.8 and 5.4cm. The
results suggested that the swimbladder (which comprises 2.6 to 8.2% of body volume) accounts for ca. 65 to 90% of the total backscattering
at 120 kHz. The predicted TS was highly dependent on tilt angle, varying by 14.0 dB at 120 kHz across the tilt range 65-115° (where 0° is head
up and 180° is tail up), and TS variability with tilt generally increased with increasing frequency. The tilt angle of acoustically tracked individual
fish indicated a distribution of tilt angles with a mean and s.d. of 93.5 and 15.1°. Our model suggested a new tilt-averaged TS-TL relationship
for dagaa [T Sip0 kHz = 19.491og(T L) — 70.3], which leads to a TS 1.5dB higher than the value in the relationship presently used to estimate
stock biomass. The new relationship will lead to a substantial reduction (by ca. 30%) in estimated biomass. The discrepancies between the
mean relative frequency response of the in situ measurements of backscatter from dagaa and the KRM model predictions were in the range of
-2.9-3.1 dB at frequencies from 45 to 250 kHz. The KRM modelling and in situ broadband measurements of dagaa will be beneficial for acoustic
identification and behavioural studies of dagaa, and will enable improved biomass assessment, thereby underpinning sustainable long-term
management.
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Introduction Acoustic estimation of fish biomass in Lake Victoria be-

Lake Victoria is the second-largest freshwater lake in the
world. Fish and fishing provide important sources of food and
employment for local communities. Long-term sustainable
management of Lake Victoria’s fisheries resources is there-
fore vital for food security and economic well-being, as well
as for preserving ecosystem functions. The indigenous silver
cyprinid (Rastrineobola argentea, known locally in Tanzania
as “dagaa”) is one of the most important species in the lake
ecologically and economically. Dagaa make up about 55% of
the total annual catch from the lake (dagaa catch in 2014
was ca. 0.51 million tonnes (MT)), with a market value of
about USD 135 million (LVFO, 2016). According to acoustic
estimates, dagaa make up around 27-44% of the lake’s to-
tal fish biomass (LVFO, 2012; Tumwebaze, 2018). There are,
however, considerable uncertainties in stock estimates due to
a limited understanding of the acoustic scattering properties
of dagaa. This impacts species identification and the scaling
of acoustic backscattering intensity to biomass.

gan in the late 1990s, and annual or bi-annual surveys have
been run ever since. Target Strength (TS, dB re 1m?) is the
key factor for converting measured acoustic backscatter into
biomass. TS is dependent on a variety of factors (including
target size, tilt angle, material properties, and acoustic fre-
quency) with some stochasticity. TS should ideally be well de-
scribed as a foundation for any acoustic-based biomass es-
timate, since small changes can have large influences on re-
sults (Demer and Conti, 2005), and with uncertainties in TS
propagating to uncertainties in biomass estimation (Gastauer
et al., 2017). The TS of dagaa at conventional acoustic sur-
vey frequencies (70, 120, and 200 kHz in Lake Victoria) is
not well described, and the broadband scattering spectrum
of the species has not yet been studied. Before 2003, dagaa
biomass was determined using the TS—total length (TL) re-
lationship (T'S129 ry. = 20log10(TL(cm)) — 71.2) derived for
North Sea herring (Clupea harengus), a species that is only su-
perficially similar to dagaa (Foote et al., 1986). Presently, the
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standard stock biomass estimate is using the TS-TL relation-
ship ( T'S129 grz = 20log10(TL(cm)) — 72.2) adopted from
Tumwebaze et al. (2003), which was derived from in situ cage
measurements of dagaa at 120 kHz; this relationship does not
consider tilt angle variation. It is well known that changes in
tilt angle can have major impacts on fish TS. For example,
modelling suggests that the TS of Pacific hake (Merluccius
productus) can change by up to 26 dB at 120 kHz over the
quite narrow range of tilt 80-100° (where 90° is dorsal-aspect
incidence) (Henderson et al., 2008): tilt variability has the po-
tential, therefore, to introduce huge uncertainty and bias to
biomass estimation (a change of 3 dB translates to a twofold
change in the linear domain).

Scattering properties of organisms can be obtained by di-
rect (i.e. in-situ and ex-situ measurement) or indirect (i.e. mod-
elling) methods. The direct methods might suffer from inter-
ference noise from other sources (e.g. vessel and ship-borne
acoustic Doppler current profiler (SADCP)) and fish mortality
during handling and operation. Model simulations are more
flexible and enable the analysis of variation in sound scatter-
ing by fish as a function of incident angle, size, and a range
of other factors, including acoustic impedance and different
body shapes and internal structures. The most commonly used
scattering models can be divided into three main categories:
(1) exact analytical models, which are used mainly to simulate
the scattering of simple geometric shapes such as spheres and
bent cylinders; (2) quasi-exact numerical models, which are
used to simulate the scattering of arbitrary shapes and mate-
rials, considering diffraction, but which are computationally
expensive [e.g. FEM (finite element method), BEM (bound-
ary element model)]; and (3) approximate analytical models,
which can simulate the scattering of complex shapes at high
frequencies, and for which calculation is comparatively simple
and which are presently the most widely used [e.g. KA (Kirch-
hoff approximation), KRM (Kirchhoff-ray mode), DCM (de-
formed cylinder model), DWBA (distorted wave Born approx-
imation)]. To date, a large number of models have been devel-
oped for predicting the acoustic backscatter of a variety of
species of fish (e.g. Jech et al., 2015).

The KRM model was initially conceived by Clay and Horne
(1992) to describe the backscattering of Atlantic cod (Gadus
morhua) and has been further developed and applied to many
fish species (Henderson et al., 2008; Fassler, 2010; Antona,
2016; Gastauer et al., 2016; Manik, 2016). The KRM model
calculates backscatter for an entire fish as the summation of
backscatter from a set of gas-filled or fluid-filled cylinders that
together represent the entire fish. It accounts for reflection co-
efficients from front and back interfaces between cylinders
and requires only a low computing effort. The swimbladder
can account for up to 95% of the total backscatter at 38 kHz
from swimbladdered fish (Foote, 1980). Dagaa have a dual-
chambered swimbladder and are physostomous: they have a
pneumatic duct (on the posterior chamber) connected to the
oesophagus and might be able to gulp air through the duct
to inflate the bladder (Figure 1). By X-ray scanning fish dor-
sally and laterally, the 3D morphometry of the swimbladder
and fish body can be built separately and used as inputs to the
KRM model.

Another key factor in biomass assessment is species iden-
tification: detected acoustic energy needs to be partitioned
across various species/groups in the survey area (Korneliussen,
2018). Traditional methods of echo-energy partitioning in-
clude visual scrutinization and the allocation of acoustic en-
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ergy based on the species composition of net catch samples
(McClatchie et al., 2000). For dagaa in Lake Victoria, the stan-
dard partition approach has been a depth-based rule, with all
echo energy returning from the top third of the water column
(after removal of single targets believed to be Nile perch (Lates
niloticus)) being designated to dagaa (Taabu-Munyaho et al.,
2014). This rule is based on the assumptions that dagaa are
the only schooling species to occur in the top third of the wa-
ter column and that no dagaa occur below this depth; this is
now known to be incorrect (Proud et al., 2020). Proud et al.
(2020) developed an automated acoustic classification method
for dagaa that used a random forest approach to identify da-
gaa schools in echograms based on school morphology, but
that method used only 120 kHz data. Broadband measure-
ments can potentially provide more information when classi-
fying detected targets than single or multifrequency data since
they can be used to characterize the frequency response of tar-
gets over a wide frequency band (Stanton et al., 2010). Jech
et al. (2017) reported that the in situ broadband measure-
ments of butterfish (Peprilus triacanthus) corresponded well
with KRM model simulations and recommended the incorpo-
ration of broadband methods into the acoustic classification
process. Benoit-Bird and Waluk (2020) showed that classifi-
cation of acoustic targets as hake (M. productus), anchovy
(Engraulis mordax), and krill (Euphausiia pacific) based on
broadband measurements outperformed classification based
on simulated multifrequency data. Presently, there is a paucity
of information on the acoustic scattering properties of dagaa;
consequently, there is a vital need to establish an approach for
tackling the related challenges. To the best of our knowledge,
broadband echosounder observations have not yet been used
to classify fish echoes collected in Lake Victoria. Given that
previous methods of dagaa classification were based on single-
frequency observations, the development of broadband classi-
fication methods will likely provide substantial improvements
to species identification and, therefore, stock assessment.

The objectives of this study were to: (1) develop an approx-
imate KRM for dagaa based on X-ray imagery (of 16 fish) to
simulate the backscatter over a wide range of sizes, tilt angles,
and acoustic frequencies; and (2) compare the model simu-
lation of dagaa with in situ broadband measurements to test
the utility of the approach in performing dagaa species clas-
sification. The results could be used to improve dagaa species
classification and biomass estimation. This is an important
step to progress towards ecosystem-based fisheries manage-
ment (EBFM) in Lake Victoria.

Materials and methods

Dagaa were sampled acoustically and by trawl from the R.V.
Victoria Explorer (length 16.5 m; width 5.5 m) during a voy-
age in the north of Lake Victoria in Uganda (Figure 2) between
28th February and 3rd March 2022. X-rays were used to ob-
tain 3D morphological of the entire bodies and swimbladders
of dagaa (laterally and dorsally). A KRM scattering model was
developed based on this 3D shape information. Tilt-averaged
TS-TL relationships were developed based on the KRM ap-
proximation at frequencies used commonly for fisheries stock
assessment (70, 120, and 200 kHz), and KRM-modelled con-
tinuous spectra were compared with in2-situ broadband obser-
vations of dagaa (over the range of 45-250 kHz) identified by
trawl sampling.
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Figure 1. A dissected dagaa showing the structure of its dual-chambered swimbladder (red dotted line).

Trawl sampling

Dagaa were sampled using a pelagic trawl net with a cod
end mesh size of 25.6 mm. Twelve trawls were conducted, fol-
lowing standard Lake Victoria Fisheries Organization (LVFO)
protocols (LVFO, 2019). Trawls were carried out at vari-
ous depths (the headline depth ranged from 8.6 to 41.3 m)
to sample dagaa across a broad depth range (Proud et al.,
2020). The depth of the net was monitored in real-time us-
ing a Simrad PX multisensor (Mk. 2 catch monitoring sen-
sor) attached to the headline, and the maximum depth of
the foot line was determined post-hoc from a SCUBA depth
gauge attached to the foot line. The real-time depth measure-
ments were recorded using a Simrad SR15 hydrophone unit.
Each trawl was about 15 min duration, and the vessel speed
was 2 to 3 knots. After fishing, the net trajectory was recon-
structed over the echogram with reference to net depth (from
the net monitor) and warp length (that, with speed, gave the
time/distance of the net behind the vessel). Regions where da-
gaa dominated by mass in the trawl catch were combined with
acoustic observation for further analysis.

Due to the small size and mass of individual dagaa, fish bod-
ies and swimbladders can easily be damaged during trawl re-
covery. To identify intact fish for X-ray, subsamples were taken
from the codend and placed in a bucket filled with lake water,
observed for 5 min to determine the status of individuals, and
only live fish were preserved for further use. We assumed that

sinking dagaa had ruptured swimbladders, floating dagaa had
distended swimbladders, and that swimming dagaa had swim-
bladders close to their natural state, hence that swimming fish
were intact. The sinking, swimming, and floating dagaa were
separated, stored in a refrigerator, and taken to a local hos-
pital (in Jinja, Uganda) for X-ray measurements on the same
day that they were caught. Since dagaa are small [body mass
(M) around 1g], it is not easy to weigh them onboard or to
get accurate mass results from frozen samples. Therefore, we
used an empirical length-mass relationship (LVFO, 2012) to
obtain mass:

M = 0.0231TL>*3? 1)

Length distribution and species composition were deter-
mined from trawl samples. The catch composition and size
distribution were determined for the entire trawl sample when
the catch was <200 individual fish and for a random subsam-
ple of 200 fish when the catch number was >200.

In-situ broadband measurements

Acoustic data were collected with a Simrad EKS80
echosounder (3 wide band transceivers or WBTs) oper-
ating in broadband mode (FM, frequency modulated) across
a bandwidth of 45-250kHz using transducers with central
frequencies of 70, 120, and 200 kHz (Table 1). The WBTs
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Figure 2. Map showing the acoustic and trawl net sampling areas in Lake Victoria, Uganda.

Table 1. Survey setting for the EK80 acoustic system, where FM is a fre-
quency modulated pulse (chirp) and fast ramping mode indicates that the
scattering amplitude is constant across the bandwidth (as opposed to slow
ramping mode, where the amplitude of the lower and higher frequencies
is reduced).

Setting ES70-7C ES120-7C ES200-7C
Centre frequency (kHz) 70 120 200
Bandwidth (kHz) 45-90 90-170 160-250
Transmitting mode FM FM FM
Power (W) 750 250 150
Sample interval (ms) 0.016 0.008 0.005
Pulse duration (ms) 1.024 1.024 1.024
Ramping mode Fast Fast Fast
Ping interval (s) 1 1 1

were set to ping sequentially to mitigate the crosstalk between
channels, but this was at the expense of a reduced probability
of the same target/school being detected in all bands at the
same time (Demer et al., 2017). The Simrad EK80 system
applies a Hann window to the transmitted pulse to taper the
start and end of the pulse to suppress side lobes, which leads
to a reduction in actual bandwidth (Demer et al., 2017). In
this study, 5 kHz were cut at each side of the band. All the 3
frequency bands were calibrated using a 38.1 mm diameter
tungsten carbide sphere (peaks and nulls in the expected
sphere TS by frequency were excluded from the calibration as
indicated in Figure 3), following standard methods described
by Demer et al. (2015). Calibration results showed that
most of the band had an RMS (root mean square) error of

<0.4 dB (Figure 3), which was deemed acceptable for further
quantitative analysis.

Morphometric measurements by X-ray

We used a Fujifilm computed radiography X-ray radiograph
suite (model CR-IR 392, detector plate dimensions of 35 x
43 cm) to obtain images of dagaa. The exposure factors were
set to S0kVp, 12mAs, 25, and 0.95 m source-to-image dis-
tance (SID). In total, 115 fresh dagaa ranging in length from
2.5 to 6.1 cm were radiographed dorsally and laterally. Images
revealed that most of the floating fish had distended swim-
bladders, that sinking fish had ruptured swimbladders, and
that the swimming fish had what were apparently intact and
naturally shaped (i.e. “normal” and undamaged) swimblad-
ders. Figure 4 shows typical distended, intact, and ruptured
swimbladders selected from floating, swimming, and sinking
samples, respectively. Images from the 16 best-condition da-
gaa (that ranged in size between 2.8 and 5.4 cm) were selected
to generate digitized files to define the shapes and dimensions
of the dagaa body and gas-filled swimbladder for use in the
subsequent modelling.

Scattering model

To model acoustic scattering from a single fish, the body and
swimbladder were represented by a series of contiguous 1 mm-
long cylinders. The length, height, and width (corresponding
to the length and major and minor radii) of each cylindrical
unit were measured from the X-ray images (.jpg files) using
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Figure 3. Calibration result of the broadband EK80 system, with RMS error (dashed line) generally <0.4. The dotted line and solid line indicate the
nominal and calibrated gains of the system, respectively. The truncated frequency bands are dips of the theoretical TS of the 38.1 mm tungsten carbide

calibration sphere.

Tps software (Rohlf, 2008, 2010). To reduce the bias while
digitizing the outline of the fish and swimbladder, a three-
point triangular average was used to smooth the shape (Horne
et al., 2000) (Figure 5). The measured morphometric param-
eters of the bodies and swimbladders were then used in the
KRM model to simulate the acoustic backscattering from da-
gaa. Scattering from the body, anterior swimbladder, and pos-
terior swimbladder were determined separately and combined
coherently a posteriori (Li et al., 2023).

The swimbladder and fish body volumes were estimated for
each of the 16 fish by splitting the swimbladders and fish bod-
ies into contiguous elliptic cylinders and summing the volumes
of each unit to explore fish-to-fish variability. The total volume
can be given by:

N1

Volume = Z wajb;L; (2)
1

Where L; is the jth cylinder along the fish vertebral column,
and a and b are the radii of the major and minor axes, respec-
tively, of each elliptic cylinder.

The KRM model assumes that for each cylindrical element
with ka > 0.15 [where a is the minor radius of a cylinder el-
ement (m) and k& is the wavenumber = fZT” with ¢ = sound

speed (m/s) and f = frequency (Hz)], backscatter from it can
be approximated as an evaluation of the Helmholtz—Kirchhoff
integral based on the projection of the cross-sectional area
(035, m?) of the cylindrical element on a plane normal to the in-
cident wavefront. The transmission of the incident wave (ray
path) between the fish body and swimbladder was constructed
as in Clay and Horne (1992). The interference between the
anterior and posterior swimbladders is not considered in the
KRM model. Details of the KRM model can be found in Clay
and Horne. (1992, 1994). The parameters for modelling were
taken from another dual-chamber cyprinid species (Mirogrex
terraesanctae) as reported in Horne et al. (2000), in which the
sound speeds through the swimbladder, fish body, and water
were 345, 1575, and 1485 m/s, respectively, and the densities
of the swimbladder, fish body, and water were 2.64, 1080, and
1000 kg/m?, respectively. The incident angle (9) was modelled
over the range 65-115° as described above, where 8 > 90° is
head up, 90° is normal to the vertebral column, and 6 > 90°
is head down.

To quantify variation in backscattering amplitude across
a range of dagaa sizes and morphologies, mean and stan-
dard deviations of backscattering intensity across all 16 fish
were computed as a function of fish length, tilt, and acous-
tic wavelength. To make the echo amplitudes from all 16
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Figure 4. Lateral view of X-rayed dagaa from floating, swimming, and sinking dagaa, which shows a distended (top), natural (middle), and ruptured

(bottom) swimbladder, respectively.
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Figure 5. Lateral and dorsal outline of the X-ray morphometric measurements of a dagaa with a standard length (SL) of 3.0cm.

X-rayed samples directly comparable, they were all modelled
at a SL of 4 cm. If the tilt angle of an object is held constant,
the backscattering amplitude is mainly a function of the size
of the object relative to the wavelength [L/A, where L is the
length and A is the wavelength (%)]. By scaling all 16 fish
to a SL of 4cm, L/A will only show the effect of changes in
acoustic frequency (i.e. 45-250 kHz) on echo amplitude. The

scattering amplitude was inspected as a linear unitless reduced
scattering length (RSL) as a function of L/A and tilt, which is
given by:

RSL = L,,/L (3)

In order to compare the KRM model predictions [TS(f)] to
the in-situ measured volume backscattering strength (S,(f)),

€20z Jaquialdas f| uo 1senb Aq 60£85Z///E L pPesl/swisal/£601 0| /I0p/a|o1le-soueApe/swisaol/woo dnoolwepese//:sdiy woll papeojumod



Modelling and in situ observation of broadband acoustic scattering

45-90 kHz

o

Depth (m)

0 100 200 300 400
Ping #

=50 -

-65 - '
-80 -

(j-w | 81 gp) AS

Figure 6. A typical series of pulse-compressed echograms over the 3 frequency bands showing the “needle-like” feature of dagaa school.

dagaa schools were isolated in the echograms by visually iden-
tifying their needle-like appearance on the pulse-compressed
echogram (Figure 6, upper right panel). Further, the in-situ
data were only processed if dagaa dominated in the trawl
catch by mass (>99%). The S,(f) of each dagaa school was
exported by applying a fast Fourier transform (FFT) window
of length 0.4 m to the pulse-compressed echogram, follow-
ing the recommendation by Benoit-Bird and Waluk (2020).
Backscattering by a school of dagaa represents the summation
of backscattering by all individual fish in the school; hence,
we simulated backscattering for individual fish [i.e. KRM pre-
dicted TS(f)] and scaled it up by different densities to gener-
ate school backscattering (i.e. we conducted forward predic-
tion). School backscattering will, of course, be dependent on
the sizes and tilts of the fish in the school. For the forward
prediction, length distributions of dagaa were taken into ac-
count by weighting the cross-sectional area (length-weighted
ops) by the proportion of the length class (by a 1 mm interval)
in the length distribution from the trawl (Jech et al., 2017).
Tilt-angle distribution was determined by a tracking method
as described below. Due to a lack of information on the pack-
ing density of fish in schools, a relative school scattering re-
sponse [7(f)] (Korneliussen and Ona, 2003), which removes
the effect of packing density, was introduced:

Sy = 10l0g10 (o3,.) + 1010g10 (p) = TS + 10l0g10 (p) (4)

r(f) = Svi — Sv70 = TS; — TS ()

where p is the actual fish density in a school and thus can be
removed, and Sy is the summation of individual fish scatter-
ing in the linear domain. The mean and confidence intervals
(95%) of 7(f) for in-situ measured schools over a wide band-
width were generated by using a reference frequency (70 kHz).

The mean and confidence intervals (95%) of r( f) for the KRM
prediction were computed from the variability across the 16
intact X-rayed fish, using the same reference frequency. The
model prediction [TS(f)] for each individual fish of the 16 was
scaled up by a series of fish densities (from 1 to 100 ind./m?, in
steps of 0.1) to visualize the similarity of the spectra between
the KRM predictions and in-situ measurements.

Tilt-averaged TS-TL relationship

The RSLs arising from the KRM models of the 16 X-rayed fish
were used to derive a tilt-averaged TSy to TL relationship by
fitting a linear least squares regression. T'Sy was calculated by
randomly sampling 5000 tilt angles from a normal distribu-
tion defined by parameters from the in-situ tracking method
(Equation 6), and the KRM predictions for those tilts for all
16 fish were then averaged in the linear domain. The normal
distribution of the dagaa tilt angles was determined from the
in-situ measured tracks of single fish in regions where dagaa
dominated by mass (>99%) in the trawl catch. Single targets
were detected using the single echo detection (SED) and track-
ing module (Blackman, 1986) in Echoview 12.1 (Echoview
Software Pty Ltd, 2021), with the following settings: mini-
mum threshold -65 dB at 120 kHz; pulse length determination
level (PLDL) 6 dB; minimum and maximum normalized pulse
lengths 0.4 and 1.5, respectively; beam compensation 6 dB;
and maximum standard deviations of major and minor axes
3°. Tracks were only accepted as targets if at least three con-
secutive pings met the selection criteria. Tracking is based on
the 3D displacement of a single fish as follows:

tilt = arcsin (

zl
m) o

€20z Jequisidag ¥| uo 1senb Aq 60£85Z/ /.S | PeSl/swiSaol/ce01 "0 L/I0p/ajoiie-aoueApe/swisaol/wod dno olwapese//:sdiy Woly papeojumoq



Y. Yang et al.

Table 2. Modelled 16 dagaa reporting their SL, TL, M, the volume of the fish body (V z,), anterior swimbladder (V ,4), and posterior swimbladder (V ),

and proportion of the swimbladder to the fish body.

SL (cm) TL (cm) M (g) Vi (cm?) Ve (cm?) Vish (ecm?) Proportion %
2.7 3.2 0.4 0.24 0.003 0.004 2.7
4.0 4.7 1.1 0.72 0.012 0.008 2.7
2.4 2.8 0.3 0.12 0.002 0.002 3.0
3.0 3.5 0.5 0.23 0.004 0.006 4.5
2.6 3.0 0.4 0.13 0.003 0.004 5.8
4.5 5.2 1.4 0.79 0.005 0.015 2.6
4.0 4.7 1.1 0.81 0.012 0.024 4.5
3.5 4.1 0.8 0.37 0.005 0.018 6.3
3.5 4.1 0.8 0.41 0.004 0.017 5.2
4.3 5.0 1.3 0.62 0.008 0.027 5.5
4.0 4.6 1.0 0.59 0.012 0.021 5.6
4.2 4.9 1.2 0.61 0.010 0.025 5.6
4.5 52 1.4 0.87 0.024 0.048 8.2
3.6 4.2 0.8 0.45 0.008 0.016 51
4.3 5.0 1.3 0.90 0.013 0.040 5.9
4.6 5.4 1.5 1.06 0.018 0.051 6.5

where x and y are the fish movement distance alongship and
athwartship, and z is the depth/vertical displacement. The tilt
of fish in tracks ranged from 90 to -90°, where 0° indicates
a horizontal orientation, positive is head up, and negative is
head down. The tilt inference only considers the position of
the first and last detections in the track and assumes that these
2 points are connected by a straight line, so tracks with a tor-
tuosity >1.3 (i.e. convoluted tracks where orientation may
change within the track) were excluded from further analysis
(Henderson et al., 2008). More details on single-target track-
ing can be found in Blackman (1986). The resulting tilt angle
distribution was input to the KRM model approximation to
enable a fit of the tilt-averaged TS-TL relationship by linear
regression as follows:

TSy = alogl0 + b, (7)

TSy = 20l0g10 + by (8)

where a is the unknown slope, and b, and b, are the inter-
cepts of the regressions. TS-TL relationships were modelled at
70, 120, and 200 kHz (the frequencies used most commonly
during acoustic surveys in Lake Victoria). All the regressions,
model predictions, and calculations were performed in R 4.0.1
(R Core Team, 2021). The KRM simulations were performed
using the R package KRMr (Gastauer, 2023).

Results

Intra-specific variability

A total of 115 dagaa were measured by X-ray, of which we
identified 16 as having sufficiently intact morphological con-
ditions for the construction of scattering models. The TL
of the dagaa used for modelling ranged from 2.8 to 5.4cm
(n = 16, with a mean of 4.35 & 0.83s.d.), and their masses
ranged from 0.3 to 1.5g (Table 2). The volume of the fish,
excluding the caudal fin, ranged from 0.12 to 1.13 cm?, with
the swimbladder accounting for between 2.6 and 8.2% of the
total volume of each fish (Supplementary Figure S1a). The av-
erage proportion of the swimbladder volume to the total fish
body volume was 4.9%. TL of fish was positively and signif-
icantly correlated with the volume of the fish body (r = 0.94,
n=16,p < 0.001) (Supplementary Figure S1a) and with the
volumes of both the anterior (r = 0.74, n = 16, p < 0.01)

and posterior swimbladders (r = 0.79, n = 16, p < 0.001)
(Supplementary Figure S1b and Slc). The relationship be-
tween fish TL and the proportions of backscattering from
the swimbladder and fish body revealed a negative trend with
size, but the correlation was not significant at a level of 5%
(r =-0.06, n = 16, p = 0.81) (Supplementary Figure S1d).
The relationship between the total swimbladder volume (V)
and fish TL indicated negative allometric growth of the swim-
bladder (Vy, = 0.0046TL3?!, R? = 0.92), where the slope of
3.21 is the allometric coefficient (AC). An AC of 1 represents
isometry, while AC >1 is negative allometry (Yasuma et al.,
2010). This means that, in dagaa, the body volume grows
more rapidly than the swimbladder volume. According to the
predicted masses of the 16 X-rayed fish (weighing was not ac-
curate for the frozen fish samples), all fish had a body volume
(without swimbladder, in cm?) less than their body mass (in
gramme), thus giving a density >1 g/cm?, which implies that
extra buoyancy may be needed from the swimbladder or oily
tissue if the fish are not to have to swim continuously to main-
tain horizontal position in the water column.

Scattering variability

KRM model simulations of the backscattering from the swim-
bladder and body were made separately for each of the 16
selected dagaa. The results showed that the swimbladder ac-
counted for between 65% and 90% of scattering (of whole
fish) at a dorsal incident angle at 120 kHz. The linear mean
and standard deviation of the RSL of the 16 modelled dagaa,
as a function of tilt angle and L/A, are shown in Figure 7. Over
the range of tilt angle from 65 to 115°, and L/\ range from 1
to 7, the mean RSL varied from 0.01 to 0.08. When the L/X is
<4 (corresponding to a frequency of ca. 150 kHz in this case),
the RSL peaked at around a tilt angle of 90° and reduced sym-
metrically as the tilt angle deviated positively or negatively (i.e.
head up or head down) from the dorsal aspect. Less directivity
was apparent at low frequencies, whereas at high frequencies
(>150kHz), more directivity was apparent (i.e. RSL was more
influenced by the tilt angle). The deviation of the RSL indicates
that the RSL changes the most when the tilt angle is close to
the dorsal incident angle.

An individual dagaa with an SL of 3.5 cm was selected from
the 16 dagaa samples to model the variation of TS at various
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Figure 7. The mean (a) and standard deviation (b) of RSL for 16 modelled dagaa as a function of L/A and tilt angle (°), where the tilt = 90° represents
broadside incidence, tilt >90° indicates heads up and tilt <90° is heads down. All samples were scaled to a SL of 4cm.
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Figure 8. Simulated TS of a dagaa as a function of frequency
(40-250 kHz) and tilt angle (65-115°, where 90° represents broadside
incidence) for a dagaa with a SL of 3.5cm.

frequencies and tilt angles (see Figure 8): this individual was
chosen because it had a size closest to the mean of all fish sam-
ples and possessed a well-preserved swimbladder. At frequen-
cies <170 kHz, the maximum backscattering intensity from
the single chosen dagaa occurred at a tilt angle of about 90°
(dorsal-aspect incidence). At frequencies <70 kHz, backscat-
ter from the chosen dagaa was not sensitive to changes in tilt
angle. As the frequency increased, at L/A ~ 4, the scattering
strength began to become more sensitive to the change in tilt
angle. The predicted TS was highly dependent on tilt angle,
varying by 14.0dB at 120 kHz across the tilt range 65-115°
(where 0° is head up and 180° is tail up), and TS variability
with tilt generally increased with increasing frequency. At an
angle of about 80°, when the dagaa was in a head-down pos-
ture, the scattering is more complex than for the horizontal
and head-up postures, which is a consequence of the tilt an-
gle of the posterior swimbladder. As the frequency increased,
a non-monotonic increase of TS was observed; for example,
at a fixed tilt angle of 90°, the TS peaked at around 90 kHz
and decreased as the frequency increased.

KRM-modelled TS was compared to the TS-TL relation-
ship developed by Tumwebaze et al. (2003), which is the re-
lationship used presently to determine dagaa biomass from
lake-wide acoustic survey data. Figure 9 depicts the estima-

-50
-65
o
)
2 60
-651 . - 90°
- 100°
=« 110°
« + Tumwebaze
-70 — Tilt-averaged
2 3 4 5 6

TL (cm)

Figure 9. Simulated mean dagaa TS at 120 kHz from 16 X-rayed dagaa at
different tilt angles as a function of length. The tilt-averaged TS was
derived from a tilt distribution (100 samples) with a mean of 93.5° and
s.d. of 15.1°, spanning from 65 to 115° at 1° intervals (orange line). The
TS-TL relationship developed by Tumwebaze (2003) is shown for
comparison with the model simulations (dashed purple line).

tion of TS from Tumwebaze et al. (2003) for dagaa as a func-
tion of TL, as well as the estimation of mean TS from the KRM
model for the 16 modelled dagaa at a set of different tilt angles
(70, 80, 90, 100, and 110 degrees). At a tilt angle covering the
majority of the KRM model simulation range (70-110°), the
KRM model TS predictions were generally higher than those
from the traditional empirical formula, with a maximum dif-
ference in TS of 7dB for fish with body lengths in the range
from 2 to 6 cm. KRM model simulations and predictions from
the Tumwebaze et al. (2003) TS-TL relationship are closest at
a tilt angle of 110°.

Comparison of model prediction and in-situ
measurements

A total of 92 dagaa schools were selected from the trawling
region where dagaa dominated the catch by mass (>99%)
to derive in-situ measured backscattering spectra to compare
with the length-weighted KRM model predictions presented
in Figure 10. The amplitude of the mean KRM model pre-
dicted Sy (/) could be made to match with the in-sifu measure-
ments when the school packing density was set to 18.2 ind./m?
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Figure 10. Comparison of in-situ measured and model predictions of Sv of dagaa schools (a), where the solid line is the mean Sv and the shaded area is
the 95% confidence intervals of the Sv. The model prediction of schooling dagaa was scaled to a density of 18ind./m? to match the in-situ
measurements. The right panel (b) is the relative frequency response of in-situ measured schools and model predictions. In total, 92 schools were
empirically selected from the trawling area by their “needle-like” features. Dotted lines indicating the nominal frequency, 70, 120, and 200 kHz, for the

transducers used in this study.

(Figure 10a). The r(f) of the in-situ measured schools varied
between -11.6 and 1.6, whereas the KRM model predictions
ranged from -9.7 to 0.3 (Figure 10b). The amplitudes of the
r(f) agreed well between the in-situ measurements and the
model predictions. Generally, the Sy (/) of dagaa peaked at the
lower end of the frequency spectrum, between 50 and 100 kHz
(the transit region between Rayleigh and geometric scattering,
where the wavelength starts to become smaller than the size of
the scatters), and decreased from 100 kHz onwards. The dis-
crepancies between the mean r(f) in-situ measurements and
the KRM model predictions ranged from -2.9 to 3.1 dB at all
frequencies, with variation across the spectrum (the largest
discrepancy was at 157 kHz). The variability in the measured
(school-to-school) relative frequency response increased with
frequency non-monotonically, which was also the case in the
model predictions (Figure 10).

Tilt-averaged TS-TL relationship

In total, 993 individual dagaa tracks with >3 acceptable pings
and low tortuosity were identified. Tilt angles inferred from
them were used to generate a Gaussian distribution of tilt: the
distribution had a mean and s.d. of 93.5 and 15.1°. To en-
able transformation between TL to SL (TL-SL) for modelling
(caudal fin length was not included in the model), 200 indi-
vidual dagaa were measured, and a TL-SL relationship was
derived (TL = 1.156 x SL + 0.0523; 2 > 0.99, n = 200).
The TS-TL relationships from regression analysis from the
16 KRM model predictions, with a slope of a and fixed slope
20 (Equatuions 7 and 8), at 3 commonly used acoustic-survey
frequencies (70, 120, and 200 kHz) are listed in Table 3. The
regressions that were constructed with a slope that was per-
mitted to vary had residual standard errors (s.e.) ranging from
0.21 to 0.32, and the error increased with frequency, while the
regressions with a standard fixed slope of 20 showed higher
residual s.e., with a range of 1.95-2.85 (Table 3). Regressions
with an intercept of b, had a lower slope than the standard
slope of 20 at 70 and 120 kHz, resulting in lower TS for large
fish and higher TS for small fish as compared to the stan-
dard slope regression. The regression at 120 kHz with a slope
of -19.49 and an intercept of -70.29 results in a TS that is
1.5 dB higher than the traditional standard TS-TL relation-
ship [TS120 x1. = 20 log(TL) — 72.2].

Table 3. Linear regression fitted tilt-averaged TS to fish TL relationship for
the most commonly used frequencies in the Lake Victoria survey, based
on KRM prediction.

f(kHZ) TSy = alogm(TL) +b, TSy = 2010g10(TL) + by
Slope (a) b, s.c. bao s.e.
70 17.16 —66.80 0.21 —68.63 1.95
120 19.49 —-70.29  0.23 —70.63 2.25
200 26.83 —-74.25 0.32 —69.84 2.85

The slopes (a), intercepts (b, and by) and the residual s.e. of the regression
corresponding to each frequency are reported.

Discussion

This study used a KRM model to predict the broadband scat-
tering properties of dagaa and to derive tilt-averaged TS-
TL relationships at the acoustic frequencies used most com-
monly for fisheries surveys in Lake Victoria (i.e. 70, 120,
and 200 kHz). At present, dagaa biomass estimates are based
solely on 120 kHz data (due in part to a lack of TS information
at 70 and 200 kHz). Model predictions of TS made here across
a range of frequencies will enable a valuable archive of historic
survey data collected at 70 and 200 kHz to be reprocessed
and hence to deliver an updated time series of dagaa biomass.
Furthermore, this study is the first application of broadband
acoustics in Lake Victoria. Good agreements between model
simulations and iz situ observations were found. The results
of this study demonstrate the potential of using broadband
acoustics for species classification and hence pave the way for
further developments in this area towards improved multi-
species biomass estimates, which is in line with the LVFO’s
aspiration to move towards EBFM of Lake Vicotria.

Intra-specific variability

Our analyses reveal that the swimbladder of dagaa is the main
acoustic scattering source at 120 kHz, accounting for between
65 and 90% of the total backscattering intensity. The rela-
tionship between TL body and swimbladder volume was pos-
itive, suggesting negative allometric growth of the swimblad-
der. The relationship between dagaa body length and the pro-
portion of backscatter from the swimbladder was not statisti-
cally significant, but suggests that larger fish typically elicit a
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lower proportion of backscatter from their swimbladder than
do smaller fish. The KRM-modelled intra-specific acoustic
backscattering amplitude variation we detected in dagaa can
either be attributed to sampling bias (e.g. body/swimbladder
shape distortion) or to anatomical and/or physiological differ-
ences. In the observations of Clay and Horne (1992), older fish
showed a larger swimbladder tilt than younger fish, and the
swimbladder volumes. The densities of fish bodies also vary
seasonally and regionally (Lloret-Lloret et al., 2020). Such
changes in tilt angle, body fat, and bone content will in turn
influence backscattering from the fish. According to Daven-
port (1999), the swimbladders of freshwater fish (Salmo salar,
S. trutta, and Gymnocephalus cernuus) account for no >7%
of the total body volume, but here our measurements showed
that the swimbladder of dagaa accounted for between 2.6 and
8.2% of the total body volume, with a mean value of 4.9%.
The estimated body density, based on the volume and the M
of dagaa samples, resulted in a fish density of <1 g/cm?, which
might indicate that extra buoyancy is needed for dagaa to
maintain a vertical position in the water column without ac-
tive swimming (which is energetically costly). The fish body
density used in the KRM model (taken from Horne et al.,
2000, because that study was on a fish with a dual-chambered
swimbladder) was 1.08 g/cm?, which is higher than the esti-
mated density from the modelled dagaa volume and mass. The
modelled dagaa density may be in error as the accuracy of the
volume estimate is dependent on the number of cylinders used
to represent the body and the estimated mass is dependent on
the emperical length-mass relationship. The empirical length-
mass relationship of dagaa can be influenced by their body-fat
content and other factors that can vary seasonally but were
not verified in this experiment. A comprehensive length-M re-
lationship (e.g. that takes seasonality into account) or a stan-
dard body mass weighing approach (recalling that due to the
small mass of dagaa, onboard weighing, even with motion-
compensated scales is inaccurate) is necessary to further im-
prove such comparisons as well as the stock assessment.

TS-TL relationship

The new tilt-averaged TS-TL relationship [TS129 pr: =
19.491og(TL) — 70.29] based on the KRM approximation
resulted in an increase in TS compared to the relationship
presently used [TS50 py, = 20 log(TL) — 72.2] (Tumwebaze
et al., 2003). Adoption of the new relationship would lead to
a substantial reduction in absolute biomass estimates. For ex-
ample, with the difference of the intercept of 1.5 dB, a dagaa
school containing fish with a mean length of 5.3 cm (resulting
in a mean dagaa target strength per kg of -27.8 dB/kg) will see
a reduction in its estimated biomass by 30%.

The LVFO and international partners have been conduct-
ing annual or biennial acoustic surveys on Lake Victoria
for the past two decades, but there have been few oppor-
tunities so far to explore the acoustic scattering properties
of dagaa by modelling. The standard TS-TL relationship
[TS120 rr: = 20log(TL) — 72.2] used presently to determine
dagaa biomass was developed by Tumwebaze (2003), who
measured total backscatter from known numbers of dagaa
in a cage (measurement of between 370 and 2379 fish) and
regressed backscattering intensity against the average TL of
fish in the cage and inferred TS. That in-situ experimental de-
sign faced several challenges, such as the high rate of mortal-
ity of dagaa during capture, handling, and the experimental

"

process (the percentage of live dagaa across 4 sets of exper-
iments ranged from 0.1 to 12.5%): reductions in the num-
bers of live fish through the experiment, in particular, could
have had a major impact on inferred TS and on inferred TS-
to-length since small dagaa had higher mortality than large
fish during the acoustic recording. In addition, the tilt angle, a
crucial factor in backscattering amplitude, was not considered
in that experiment. The modelling approach used here has the
advantage that the influence of size and tilt can be explored,
but model output is dependent on the density (the estimated
fish density is <1 g/cm3, which needs to be further verified)
and sound speed contrasts input, and we were not able to de-
termine those here.

Tilt dependence of TS

The backscattering intensity of a given object varies as a func-
tion of the size of the object with respect to the wavelength
(A= %, where c is the sound speed and f is the frequency).

A change in tilt angle will influence the cross-sectional area

[ops = 10(%)] and therefore TS. Our simulation of backscat-
tering from a dagaa with 3.5 cm SL showed that changes in
tilt angle led to variations in TS at 120 kHz of up to 14.0 dB,
which would equate to a change in inferred biomass by a fac-
tor of 25. The KRM model simulation showed that backscat-
ter intensity is more tilt-sensitive at higher frequencies (espe-
cially higher than 150 kHz) than at lower frequencies. Dagaa
are an obligate schooling fish; for many fish species, schools
are comprised of similarly sized fish, and fish in schools have
polarized swimming angles (Partridge, 1981; Ranta et al.,
1992). The tilt angle distribution [93.5, 15.1] estimated by
tracking single fish in the trawling area where dagaa domi-
nated the catch by mass (>99%) is in general agreement with
observations of tilt-angle distributions reported by Foote et al.
(1987) for a variety of teleosts. They found that fish are typi-
cally tilted between 4° head down and 12° head up. The swim-
ming angle of fish can vary with their behaviour, for example,
if they are feeding, avoiding predators, or undertaking diel ver-
tical migration. Huse and Ona (1996) and Tanoue et al. (2013)
both describe a fish tilt angle distribution as arising from a
“rise and glide” swimming strategy, which indicates a bimodal
distribution of fish tilt during the day and night. Since DVM
has been observed in dagaa (Goudswaard ef al., 2004), we
may infer that there is also a diurnal effect in the tilt angle dis-
tribution of dagaa that will influence their acoustic backscat-
tering amplitude and spectra. Acoustic surveys of fish in Lake
Victoria are presently restricted to daylight hours (because of
navigational and manning constraints), so biomass estimation
is not likely to be muddied by DVM. Additionally, different tilt
angle distributions can impact regression-based tilt-averaged
TS-TL relationships. For example, Fissler et al. (2013) found
that by simulating a wider dispersion of the tilt distribution
(increasing s.d. from 5 to 20°) of boarfish (Capros aper), the
intercept of a regression with a standard fixed slope of 20
was reduced by 1.5 dB. Henderson et al. (2007) also reported
that, for Pacific hake (M. productus), using tilt-averaged TS
and dorsal-aspect-only TS varied the regression intercept by
10 dB at a fixed slope of 20. The standard acoustic survey for
dagaa only occurs in the daytime. If practical limitations on
daylight-only operations for acoustic surveys on Lake Victo-
ria are removed, further observations of tilt variation will be
needed to enable compensation for light-driven variability in
behaviour and hence TS.
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Depth dependence of TS

Dagaa, as physostomes, do not possess a gas gland to in-
flate the swimbladder. Therefore, the swimbladder volume of
dagaa will decrease when they move into deeper water, ac-
cording to Boyle’s law. Their TS might decrease as a result of
the swimbladder compressing. The cross-section at z m depth
can be described as:o, = oo(1 + 5)", where oy is the cross-
section (m?) at the surface, z is depth (m), y is the contrac-
tion rate, which, for a free balloon, has a value of -0.67. As-
suming the dagaa swimbladder follows a contraction rate of
-0.23, as estimated by Ona (2003) for herring (C. harengus),
the TS at 20 m depth will be 0.4 dB less than at 10 m depth.
This depth-related change could be included in the TS-TL re-
lationship as: TS = 20log(TL) + byo — 10log(1 + z/10"). For
dagaa, a decrease in mean TS with increases in depth has
been observed by Tumwebaze (2003) but not quantified. The
compression of the swimbladder is not necessarily isotropic.
For example, the swimbladder of herring has a larger con-
traction rate in the lateral dimension than in the dorsal di-
mension, which means different contraction rates at the dor-
sal and lateral dimensions should both be considered (Fassler,
2010). The dual-chambered structure of the dagaa swimblad-
der adds another possible layer of complexity, and there is
a lack of knowledge on the interaction in terms of volume
change between the anterior and posterior sections. Smith
and Croll (2011) have reported that the posterior chamber
of cyprinid fish tends to be more extendable. When the fish
is stimulated under norepinephrine exposure, the posterior
chamber extends without changes in volume, while the an-
terior chamber is more likely to have a reduced volume. Lake
Victoria is generally shallow (mean depth of 40 m), but nev-
ertheless in pursuit of accurate biomass estimation, the po-
tential for dagaa TS to vary with depth ought to be borne in
mind.

Potential for species identification

The in-situ measured dagaa school scattering matched well
with the KRM model predictions. This suggests that broad-
band data could be useful for school-level identification of
dagaa. Assuming that the backscattering from the fish school
is a linear superimposition of the cross-sectional area of indi-
vidual fish within it (the principle of linearity that underpins
echo integration), the KRM-model-predicted school backscat-
tering will be a function of tilt angle, length of fish, and
school density. In this study, variation in tilt angle brought
more variation to the school scattering than fish length distri-
bution. The tilt angle distribution can impact the amplitude
of school backscattering considerably (14.0dB at 120 kHz
across the tilt range 65-115°, Figure 8) and, even more so,
the characteristics of the spectra, whereas the length distri-
bution primarily influences the amplitude (Figure 7a). Fish
packing density is another vital factor in determining the am-
plitude of the school backscattering, but on the occasions
where relative frequency responses are applied, the density
can be disregarded. Given the increasing variation and sen-
sitivity in school scattering with frequency, it may be bene-
ficial to include a lower frequency (<150kHz) in a species-
identification method to enable discrimination between da-
gaa and other species (that in Lake Victoria include hap-
lochromine cichlids, tilapia, and the crustacean Caradina) at
the school/aggregation-level.

Y. Yang et al.

Suggestions for future work

Even though some matters such as the potential acoustic inter-
ference between scattering from the swimbladders, the swim-
bladder contraction mechanism, and the behaviour of dagaa
were not explicitly addressed in this study, the KRM modelling
method and comparison with broadband observation data do
open the way for the subsequent series of experiments on da-
gaa TS. In light of the above discussions, there are two as-
pects to start with to improve the dagaa stock assessment: (1)
improve the species partitioning/identification method. This
could be attained by employing the broadband spectra for
multifrequency species identification (Brierley ef al., 1998) or
the automated machine learning classification (Proud et al.,
2020); and (2) incorporating the model-informed TS data
with environmental, seasonal, and regional variability to de-
liver a fine-scale TS-M conversion factor and biomass reap-
praisal.
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