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A new acoustic approach to estimate the mass of individual gas-bearing fish at their resident depth at more than 400 m was tested on Cyclothone
spp.. Cyclothone are small and slender, and possibly numerically underestimated globally as individuals can pass through trawl meshes. A towed
instrumented platform was used at one sampling station in the Northeast Atlantic, where Cyclothone spp. dominated numerically in net catches,
to measure in situ acoustic wideband target strength (TS) spectra, i.e. acoustic scattering response of a given organism (“target”) over a frequency
range (here, 38 4+ 50-260 kHz). Fitting a viscous—elastic scattering model to TS spectra of single targets resulted in swimbladder volume estimates
from where individual mass was estimated by assuming neutral buoyancy for a given flesh density, such that fish average density equals that of
surrounding water. A density contrast (between fish flesh and seawater) of 1.020 resulted in similar mass—frequency distribution of fish estimated
from acoustics/model and Cyclothone spp. caught in nets. The presented proof of concept has the potential to obtain relationships between TS

and mass of individual gas-bearing mesopelagic fish in general.

Keywords: broadband acoustics, Cyclothone spp., flesh density, target strength spectra, viscous—elastic scattering model.

Introduction

The mesopelagic zone (200-1000 m depth) is inhabited by nu-
merous macroscopic organisms, such as fish, cephalopods, and
crustaceans, and the mesopelagic fish biomass make up a high frac-
tion of the estimated total global fish biomass (Irigoien et al., 2014)
and could be harvested on a large scale in the future as a source of
marine fat and protein (e.g. Gjosater and Kawaguchi, 1980; FAO,
1997). However, there are high uncertainties in biomass estimates,
with current global estimates spanning one order of magnitude

(Gjosaeter and Kawaguchi, 1980; Irigoien et al., 2014; Davison et
al., 2015b; Proud et al., 2019). Mesopelagic fish contribute to active
carbon transport from surface layers to deep waters through diel
vertical migration (DVM; Robinson et al., 2010; Davison et al.,
2013; Anderson et al., 2018) and take part in recycling of nutrients,
thus “feeding” the base of the foodweb (Martin et al., 2020). Yet,
knowledge on taxa/species composition and abundance/biomass
in the mesopelagic zone is still limited, but essential to quantify
how mesopelagic ecosystems function (St. John et al., 2016; Martin
et al., 2020).
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Mass estimates of individual gas-bearing mesopelagic fish

Different approaches have been applied to estimate numbers
and biomasses of mesopelagic fish. Irigoien et al. (2014) estimated
mesopelagic fish biomass by using 38 kHz acoustic data in a global
dataset from mid latitudes (between 40°N and 40°S, the Malaspina
2010 Circumnavigation Expedition). All backscatter was assigned
to be from mesopelagic fish and resulted in a global mesopelagic
fish biomass estimation of 11-15 Gt (median values), which is one
order of magnitude higher than a previous estimate built mainly
on catches from micronekton nets (1 Gt; Gjosater and Kawaguchi,
1980). This difference could potentially be caused by net avoid-
ance (Kaartvedt et al., 2012) and net selectivity, which are known
to underestimate abundance and bias size distributions. Acoustic
methods may, however, suffer from instrumentation biases such as
discrepancies in echo-integration measurements between the EK60
and EK80 systems at lower frequencies (De Robertis et al., 2019),
and also rely heavily on assumptions about mean target strength
(TS) and mass of organisms (e.g. Irigoien et al., 2014), which all
add uncertainty to abundance and biomass estimates from acoustic
sampling. Moreover, acoustic backscatter does not only come from
fish but from a variety of taxa. Accordingly, when using acoustic
methods for biomass and abundance estimation, information on
taxonomical and size composition is required, as acoustic backscat-
tering is dependent on shape, size, and material properties of in-
dividual animals (e.g. Holliday et al, 1989). For fish in particular,
knowledge about gas-filled swimbladder size and/or -presence are
important, as the swimbladder may account for more than 90% of
the total backscattered energy from fish that possess one (Foote,
1980). In many epipelagic fish species, the relationship between or-
ganismal length and swimbladder size is positively correlated (Sim-
monds and MacLennan, 2005). This is not the general case in gas-
bearing mesopelagic fish species, that can have ontogenetic differ-
ences in swimbladder sizes, where juveniles have gas-filled swim-
bladders and the adults have fat-invested (Butler and Pearcy, 1972;
Davison, 2011). If the swimbladder gas is replaced with lipids (Mar-
shall, 1960; Phleger, 1998), the backscattered energy (i.e. TS) will be
significantly reduced, especially within the frequency-band where
resonance would have occurred if gas was present.

Gas-bearing mesopelagic targets can have resonance over a range
of frequencies, including at higher frequencies concurrent with low
TS at 38 kHz (e.g. Bassett et al., 2020). Consequently, acoustic
backscatter measured at 38 kHz is biased towards organisms with
a resonant frequency close to this frequency, with organisms lack-
ing air-inclusions or with higher resonant frequencies relatively un-
derrepresented in the signal. When applying any thresholding of
the data, these components are therefore likely to be overlooked.
This will add uncertainty in acoustic abundance estimates, which
are typically assessed from total backscattered energy and the mean
TS from the given assemblage (Simmonds and MacLennan, 2005).
To complicate this further, physonect siphonophores, if present, can
contribute significantly to the backscattering, as they have a gas-
inclusion (pneumatophore) as well (Barham, 1963; Kloser et al,
2016; Knutsen et al., 2018).

Broadband acoustics have emerged during the last two decades
and have the advantage of a higher temporal/range resolution and
improved signal-to-noise ratio compared to the generally used
narrowband acoustic systems (Chu and Stanton, 1998; Stanton et
al., 2010; Stanton, 2012). Furthermore, broadband acoustic split-
beam measurements provide TS frequency response over a wide
frequency range (Horne, 2000) and have the potential to pro-
vide information on target properties such as morphology or size
(Reeder et al., 2004; Antona, 2016; Kubilius et al., 2020), lead-
ing to improved discrimination between different types of scatter-
ers (Stanton et al., 2010; Verma et al., 2017; Bassett et al., 2018).
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Hull-mounted acoustics, widely used for mesopelagic studies, have
limitations when studying the mesopelagic zone as deep layers
are inaccessible for high-frequency acoustic pulses transmitted
from the surface due to absorption by water (Francois and Garri-
son, 1982a, b). The echosounder manufacturer suggests that while
echoes from a large target (a 60 cm cod) is detectable down to 950 m
at 38 kHz, the corresponding detection range for the same target is
reduced to 440 m at 120 kHz, and 270 m at 200 kHz (Simrad, 2020;
Simrad EK80 Reference Manual). As the acoustic insonified volume
increases with distance from the echosounder, our ability to resolve
single targets to obtain direct measurements of T'S, used to scale to-
tal acoustic energy to abundances, will depend on the density of or-
ganisms and the system’s resolution (Simmonds and MacLennan,
2005). Submersible acoustic platforms enable measurements of in
situ acoustic properties of organisms at mesopelagic depths and at
high frequencies (e.g. Kloser et al., 2016) and can thus be applied as
a supplement to hull-mounted acoustic systems.

Another major challenge is to interpret the collected acoustic
data to identify, classify, and size the organisms, as the backscat-
tered acoustic energy is a complex function of organism material
properties, size (compared to the incident acoustic wavelength),
shape, and orientation. Scattering models are a means to un-
derstand the effects of different parameters on the scattering,
and can be used to aid in interpretion of the recorded acoustic
data. Khodabandeloo et al. (2021) demonstrate the potential of
a two-layer viscous-elastic spherical scattering model (Feuillade
and Nero, 1998) in estimating backscattering from a gas-bearing
organism over a wide frequency range, based on in situ measured
broadband TS spectra (i.e. frequency responses, r(f)), obtained
from the mesopelagic zone. The spherical backscattering model is
appropriate for volume estimation of swimbladders, even if they
have different shapes than a sphere (Feuillade and Nero, 1998).
The reason for this is that for resonance scattering, the dominant
mechanism is monopole (or volumetric) pulsation, and the de-
tailed shape effects are secondary because of the large wavelength
compared to the swimbladder dimensions (Feuillade and Werby;,
1994; Ye and Hoskinson, 1998). By knowing the swimbladder size,
the mass of the organism can be estimated under the assumption
that the function of the swimbladder is to keep the fish buoyant at
depth. This assumption is reasonable for fish associated with the
deep scattering layers (DSLs), either the whole day or only during
daytime, as both non-migratory an migratory mesopelagic fish
species have been observed to hang motionless at depth (Barham,
1971; Kaartvedt et al., 2009). Fish flesh density needs to be known
to estimate mass, but this parameter has been found to differ
ontogenetically and between mesopelagic species (Yasuma et al.,
2006; Davison, 2011; Becker and Warren, 2015).

Primary objective of the present study was to directly estimate
mass of individual gas-bearing mesopelagic fish by inversion of a
theoretical scattering model (Khodabandeloo et al, 2021) using
measured wideband TS spectra. Wideband (38 and 50-260 kHz)
acoustic TS spectra of individual fish at their resident depth were
measured by submersed acoustics. A secondary objective was to
obtain updated estimates on organismal densities and size distribu-
tions of fish of the genus Cyclothone spp. (Family Gonostomatidae).
Cyclothone are believed to be the most abundant vertebrates on the
planet (Nelson et al., 2016), and have been found to dominate in
numbers in DSLs in many areas (Gjosater and Kawaguchi, 1980;
see for instance Pena et al., 2014: western Mediterranean; Ariza et
al., 2016: subtropical northeast Atlantic Ocean). Based on its known
abundance, Cyclothone spp. may contribute a high proportion of
backscatter from organismal assemblages within DSLs, but their
numerical densities are underestimated and their size distributions
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Figure 1. Map of cruise track (black line) and stations where both
MESSOR profiles and net hauls were conducted (triangles). White
triangle indicates the station (st. 124) from where the acoustic- and
net-data are used in the present study (sampled May 10th 2019). The
white circle indicates the station (st. 123), where a Multpelt 832 trawl
with the Deep Vision (Rosen and Holst, 2013) attached was hauled
and a siphonophore was detected (see Supplementary Figure S4).

biased due to inherent bias when applying midwater trawls and nets
for abundance estimations [e.g. avoidance (Pearcy, 1983) or passing
through trawl meshes (Olivar et al., 2017)].

Material and methods

Data used in this paper was collected during a research cruise in
the eastern part of the Mid-Atlantic Ocean from Cape Verde to
southern part of France (17°N 25°W-48°N 8°W; Figure 1) on board
R/V Kronprins Haakon (Norwegian Institute of Marine Research,
IMR) from May 2nd to 22nd 2019. High numerical densities of the
fish genus Cyclothone were observed in net catches throughout the
studied area [accounting for ~78% of the total fish abundances in
non-graded trawls (Garcia-Seoane et al., 2021)]. To demonstrate
the proof of concept, we use Cyclothone spp. as model organism and
focus on acoustic data from one single station (~2400 m deep) sam-
pled May 10th in proximity to the trawl and Multinet station (Figure
1). The methodology will be explained in detail in the following, but
for a schematic summary see Figure 2.

Net sampling of mesopelagic organisms

Net sampling at the station only took place during daytime. A
macroplankton trawl (henceforth “trawl”) was used for sampling
mesopelagic organisms and had a mouth opening of ~35 m* and
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a mesh opening of 3 x 3-mm (8-mm stretched; non-graded, i.e.
same mesh size for the whole net; Krafft et al., 2010; Heino et al.,
2011). It was hauled obliquely between the surface and 1200 m
depth with an average speed through water of 1 m s™! (range 0.7-
1.4 m s7"). The vertical and horizontal openings of the trawl net
were measured with two depth sensors on the foot- and head-rope,
and acoustic distance sensors on either side of the mouth opening
(SCANMAR AS, Asgardstand, Norway). The trawl was equipped
with an acoustic Doppler current profiler (ADCP; Signature500 in
deep-water housing; Nortek AS, Norway) to measure the water flow
into the trawl. The speed of water entering the trawl and the area
of the net opening were used to calculate the volume filtered (see
Garcia-Seoane et al. (2021) for details) in any desired depth range.
A stereo camera system (Deep Vision, Rosen and Holst, 2013) was
attached to the aft of the trawl and took 5 images s™' of organ-
isms entering the cod-end. Deep Vision can identify targets in a
size range from few cm (e.g. krill and jellyfish) to fish >80 cm
in length (Rosen and Holst, 2013). Images were here used to de-
tect occurrence of siphonophores. Cyclothone was difficult to dis-
tinguish from similar-sized individuals of other species (e.g. juve-
niles of Lampanyctus spp.) in the Deep Vision images. Numerical
densities of fish taxa/species caught in the trawl were estimated
using total volume filtered between surface and 1200 m depth, as
depth of occurrences of the different species are unknown. Details
on fish sampling and processing performed on board, together with
numerical densities, biomass, and species composition from the
trawls performed during the cruise can be found in Garcia-Seoane
etal. (2021).

A Hydrobios MAMMOTH Multinet (1 m? opening, 9 nets, and
180-wm mesh size; henceforth “Multinet”) was hauled obliquely
with at a speed of ~1.5 m s in the following depth intervals:
0-50, 50-100, 100-200, 200-400, 400-600, 600-800, 800-1000,
and 1000-1200 m. A total of two electronic mechanical flowme-
ters measured both the internal (water being sampled) and outside
(speed through the water) flow and were together used to monitor
filtering efficiency, assuming outside flowmeter giving 100% filter-
ing efficiency.

Standard length (SL) of Cyclothone spp. caught in both Multinet
and trawl were measured to nearest mm and only identified to the
species level in the trawl samples. The Multinet samples indicated
at which depth intervals Cyclothone were present, which is informa-
tion we cannot obtain from the trawl samples.

Numerical densities of Cyclothone estimated from trawl
and Multinet data

No single type of net can sample all species and size ranges effec-
tively. Size of the net opening, speed of the net through water, mesh
size, and individual behaviour can influence the catchability of an
organism (e.g. avoidance, guiding by large meshes or trawl wires
and doors, escapement through the meshes, and extrusion through
meshes by soft-bodied organisms; Pearcy, 1983; Gartner et al., 1989;
Kaartvedt et al., 2012; Olivar et al., 2017). To minimize biases as-
sociated with net selectivity, catch data from trawl and Multinet
were combined to span as much as possible of the size range of Cy-
clothone (similar approach asin e.g. Olivar et al., 2012) at the present
site. The trawl was assumed to efficiently catch large adult individ-
uals, whereas the Multinet was assumed to catch smaller and ju-
veniles/larval stages. When estimating length distribution and nu-
merical densities of Cyclothone spp., only individuals caught and
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Figure 3. Direct acoustic numerical density estimates using 70 kHz data: (A) estimated numerical densities of echoes per TS class and depth
range, (B) sum of numerical density of echoes (for all TS classes accepted) per depth range (open circles) and cumulative numerical density

(from 0 to 1, grey line). Note different scales on the x-axis.

the volume filtered between 400 and 800 m were considered. For
the trawl, numerical densities were, thus, calculated from the to-
tal catch of Cyclothone spp. by only using volume filtered between
400-800 m depth. For the Multinet, only Cyclothone spp. in the sam-
ples from 400-800 m depth were included. This assumption is im-
portant to the ground-truthing of the accoustic data as well as the
comparison of nets and acoustic biomass estimation and is further-
more plausible given that Cyclothone do not perform DVM, as well
as the lack of individuals caught above 400 m in the Multinet and
reduced numerical densities below ~800 m evident in the acoustic
measurements from MESSOR (Figure 3B).

Weighted mean length and wet mass =+ standard deviation (SD)
were calculated using RStudio statistical software (R Core Team,
2018) and the R package “Weighted.Desc.Stat” (Parchami, 2016).

Length—mass relationship for Cyclothone spp

The term “weight” is used colloquially to describe the amount of
matter in an organism, but since buoyancy balances gravity for
a “net weight” of zero for a neutrally buoyant organism, we will
strictly use the correct term “mass” in the rest of the paper when
reporting grams per individual. “Weight” is here used in relation to
the fish being neutrally, positively or negatively buoyant.

Individuals of Cyclothone spp. were sampled from trawl catches
throughout the studied area and preserved frozen for individual SL
(to the nearest mm) and wet mass (Mj, to nearest mg) measure-
ments in the laboratory. The parameters a and b of the length-mass
relationship (M; = aL’) for all individuals pooled (n = 84) were
estimated by linear least square regression on log-log transformed
data (In My=Ina+ b In L). The length-mass relationship was used
to estimate wet mass of the length-measured individuals from the
combined trawl and Multinet samples.

Acoustic measurements

At 15 stations (Figure 1), a towed instrumented platform (MESSOR;
Knutsen et al., 2013) was hauled obliquely from 0 t01000 m behind
the ship for 4 h at a ship speed of ~2 m s™'. MESSOR was equipped
with a four channel echosounder (Simrad EK80 WBT Tubes op-
erating at nominal frequencies of 38, 70, 120, and 200 kHz) with
the transducers facing downwards. Acoustic data was collected by
simultaneous pinging in 38 kHz narrowband and broadband cov-
ering frequency ranges of 50-80, 93-155, and 160-260 kHz. See
Supplementary Table S1 for data collection settings and Khoda-
bandeloo et al. (2021) for further details, including calibration. A
Video Plankton Recorder (VPR, Davis et al., 1992) was attached to
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Table 1. Settings used to identify gas-bearing single targets using the LSSS computer program for (i) target strength (TS) spectra (manual detec-
tion) and (ii) numerical density estimations using echo-counting (automatic detection). Settings for 38 kHz narrowband and broadband data

(with center frequencies noted) are shown.

Manual detection of targets for TS

Automatic detection of
targets for numerical

spectra density estimation
Broadband
Narrowband (70, 120, and

Target detector settings (38 kHz) 200 kHz) Broadband (70 kHz)
Minimum target strength (TS) [dB] —95 —85 —68

Pulse length determination level [dB] 6 40 20
Minimum echo length (relative to pulse length) 0.0001 0 0
Maximum echo length (relative to pulse length) 1.8 1 1
Maximum one-way gain compensation [dB] 3 3

Manual target extent centred around peak [m] - 03 0.5
Frequency resolution [kHz] - 1 10

the front of MESSOR and continuously obtained images in undis-
turbed water ahead of MESSOR during operation. In the present
work, images were used to investigate presence of siphonophores. A
conductivity, temperature, and depth (CTD) profiler (Seabird SBE
49 FastCAT) was operated throughout the deployments and mea-
sured density and sound speed of the surrounding seawater as a
function of MESSOR depth.

Towing of MESSOR was conducted during night and thus, indi-
viduals that migrated to the upper layer (<200 m) during the night
are not included in the measurements. The ships hull-mounted
Simrad EK80 echosounder system collected acoustic narrowband
data at 18, 38, and 70 kHz between- and at-sampling stations. Data
was used for assessing vertical distribution of backscatter at the
MESSOR station used in the present study. See supplementary ma-
terial (Supplementary Table S2 for settings and calibration param-
eters and Supplementary Figure S1 for echograms).

Analysing acoustic data from MESSOR

Manual detection of targets for TS spectra

Single targets were manually chosen in the range 9-13 m away from
MESSOR between 400 and 800 m depth, where net samples indi-
cated dominance of Cyclothone. This range was chosen based on
visual inspection of the data and was a trade-off between avoidance
of organisms and not having too many targets inside the acous-
tic beam, which complicates detection of single target TS spectra.
We are aware that the chosen distance will not completely elimi-
nate the effect of avoidance, but presumably abundance estimates
of larger and more volatile organisms will be more affected by
this than Cyclothone, which have been suggested to have limited
avoidance behaviour (Pefa et al., 2020). The acoustic data from all
four frequency bands (i.e. 38 + 50-260 kHz) were post-processed
in the computer program LSSS (Large Scale Survey System, Kor-
neliussen et al., 2006) to yield in situ measurements of TS spectra
of gas-bearing mesopelagic fish. TS spectra was obtained from a
fast Fourier transform (FFT) of the pulse compressed echoes us-
ing an FFT window length of 0.3 m centred on the target. TS spec-
tra and target location inside the acoustic beam were used to en-
sure that single and not multiple targets were chosen, and that
each target was observed at all four frequency bands (see Table 1
for settings used and Khodabandeloo et al. (2021) for further de-
tails on target detection criteria). TS spectra were exported from

LSSS and post-processed using Python and RStudio (R Core Team,
2018).

Automatic detection of targets for numerical density estimation
Echoes detected in 70 kHz broadband data were used to estimate
in situ numerical densities of scatterers in the depth region 400-
1000 m. Broadband data from 70 kHz was used due to a higher
range resolution [~2.5 cm at a bandwidth of 30 kHz (50-80 kHz)]
compared to 38 kHz narrowband data [~38 cm with a pulse du-
ration of 512-ps]. Inspection of TS data from mesopelagic depths
suggested that a simple TS threshold could separate stronger (likely
gas-bearing) from weaker (e.g. likely crustaceans) targets at 70 kHz
(see Supplementary Figure S2). Accordingly, backscattering from
weaker targets were excluded by using a TS threshold of > =
—68 dB re 1 m?, as a local numerical minimum was shown here.
The computer program LSSS was used to detect single echoes us-
ing a single echo detection algorithm (Ona, 1999; for detection set-
tings see Table 1). We used a bandwidth of 10 kHz and due to re-
jection of frequencies at the extremes of the frequency band, the
resulting echoes were detected in the 60-70 kHz band. We did
not reject echoes based on phase deviation of samples to reduce
the potential of rejecting echoes in depth strata with high target
densities.

We used single echo detections within the 3 dB beamwidth (i.e.
with a one-way beam compensation of less than 3 dB) to estimate
organism numerical densities per ping (p):

Nsed
s
N ping X Vobs

p = 1)
where 7.4 is the number of detected single echoes, 71,y is the num-
ber of transmitted sound pulses, and V,, is the sampled volume,
which was estimated as the volume of a cone, based on the nominal
transducer 3-dB beamwidth. Echo-counting was applied on data in
the range bin from 4 to 20 m away from the transducer. We assumed
that avoidance of Cyclothone close to the towed platform was neg-
ligible. The shorter of the ranges is thus primarily set to avoid sam-
pling within the near field of the transducer, and the longer range
to avoid bias in numerical densities caused by more than one echo
within the sampling volume. While more than one echo per sam-
pling volume would invalidate the TS spectra measurements, for the
density estimation it simply leads to a reduction in the estimated
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densities. Hence, we allowed less strict criteria for the density esti-
mation, in order to reduce variability by measuring densities over a
larger volume. The per ping estimates of numerical densities were
averaged over 30 s intervals, to produce datasets of reduced resolu-
tion and variability.

Viscous-elastic scattering model

Khodabandeloo et al. (2021) developed a modified mathemati-
cal/physical model after Feuillade and Nero (1998) to estimate
physical characteristics of a gas-bearing organism based on its
backscattering broadband signal. The frequency region around the
main resonance of measured TSs is mainly controlled by the swim-
bladder radius (i.e. swimbladder volume), wall tickness, and shear
modulus as well as density of gas inside swimbladder. For model de-
tails and for discussion of possibilities and restrictions of the model,
see Khodabandeloo et al. (2021). The model provides a more re-
alistic swimbladder backscattering estimate by including the wall
tissue, flesh effects, as well as higher modes of backscattering. How-
ever, it is a spherical backscattering model and underestimates the
swimbladder volume of the measured TS from elongated swimblad-
ders.

The process of fitting the model to the measured backscattering
data was automated using a nonlinear least-square algorithm from
the optimization module of SciPy (Jones et al., 2001), a Python li-
brary. Most of the tunable model parameters, such as swimblad-
der wall thickness and elasticity, sound speed and density of gas in-
side the swimbladder were fixed using literature values estimated
for mesopelagic fish. Swimbladder radius and flesh shear viscosity
were tuned to fit the model to the measured TS spectra data (see
Khodabandeloo et al., 2021 for details). The algorithm solves a non-
linear least square problem with bounded variables and finds the lo-
cal minimum of the cost function. Therefore, to reduce the chance
of being trapped by local minimum, three different initial values for
swimbladder radius within the bound are used and the one with the
smallest cost function is selected as the correct solution for the op-
timization problem. Hence, fitting the model resulted in swimblad-
der radius [equivalent spherical radius (ESR, mm), henceforth “ra-
dius”] and flesh shear viscosity for all the detected targets. Model-
fitting was focused around the resonance region and hence swim-
bladder shape (spherical vs. spheroid) was not important for the TS
spectra (Feuillade and Werby, 1994; Feuillade and Nero, 1998; Ye
and Hoskinson, 1998; Khodabandeloo et al., 2021), and the swim-
bladder was thus assumed to be a sphere. By knowing the radius of
the swimbladder, the mass can be estimated subsequenctly assum-
ing neutral buoyancy. That is, the weight of the fish compensates for
the buoyancy effect of the swimbladder, resulting in the fish being
neutrally buoyant:

4
(pw—Pg)XgﬂRzz;:Mf (l_pW/pf)’ )

where p,, is the water density, p, is the density of gas inside the
swimbladder, p ¢ is the fish flesh density, and M s fish mass, and
Rgg is the radius (mm) of swimbladder excluding swimbladder wall.
P was estimated based on the in situ measured salinity and temper-
ature and depth of the individual targets and was ranging between
1.029 and 1.031 g ml™!. The assumption of neutral buoyancy is rea-
sonable given energetic consideration (Marshall, 1960), and given
that previous studies have observed mesopelagic fish hanging mo-
tionless at depth (Barham, 1971; Kaartvedt et al., 2009).
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Values of 1.040, 1.020, 1.010, and 1.005 for fish flesh density con-
trasts (oy/p,) were used to estimate the mass of the acoustically
detected targets. These values are within range of previously re-
ported values for mesopelagic fish (Yasuma et al., 2006; Davison,
2011; Becker and Warren, 2015). Since the water density slightly
varies with depth, the flesh densities corresponding to the selected
density contrast values are approximately 1.070, 1.050, 1.040, and
1.035 g ml™, respectively.

Subsequently, we inferred the density contrast value of Cy-
clothone spp. based on comparison of the estimated mass distri-
bution range from acoustics/model with that obtained from net
catches.

Results

Vertical distribution and numerical density estimates of
fish from nets

In total, 50 fish taxa were caught in the trawl at the studied sta-
tion, with a total averaged numerical density of 2.771 individuals
(ind.) 1000 m~ integrated over the depth range 0-1200 m. Hull-
mounted acoustic data collected at the station during daytime when
net samples were taken, suggested that the majority of these fishes
were caught within the DSL (~450-~650 m depth, Supplementary
Figure S1).

In total, the 19 most abundant species constituted 93.2% (2.584
ind. 1000 m~>) of the total catch (Table 2). A total of three species
of Cyclothone (Family: Gonostomatidae), Cyclothone braueri, Cy-
clothone microdon, and Cyclothone pseudopallida comprised 73.2%
of the total fish catch (total numerical density of 2.027 ind. 1000
m™), with numerical densities of 0.953, 0.920, and 0.154 ind. 1000
m~, respectively (Table 2). The fourth and fifth most abundant
species were Valenciennellus tripunctulatus (Family: Sternoptychi-
dae) and Chauliodus danae (Family: Stomiidae) with 0.125 and
0.058 ind. 1000 m™ (composing 4.5% and 2.1% of the total catch),
respectively.

In the Multinet, Cyclothone spp had highest numerical densities
in the integrated depth samples from 400 to 600 m and 600 to 800 m
depth (33 and 34 ind. 1000 m™3, respectively) related with the DSL.
Cyclothone individuals were present in reduced numerical densities
from 800 to 1000 m and 1000 to 1200 m depth (6 and 8 ind. 1000
m™>, respectively), including the largest individuals caught (>30-
mm SL; two individuals of 35-mm and one of 37-mm). One indi-
vidual of 20-mm was found in the sample from 0 to 50 m depth.
However, as Cyclothone spp. have been found not to perform DVM,
and as the Multinet were taken during day where mesopelagic or-
ganisms that do perform DVM would be at depth, we suspect that
this individual might have entered the sample erroneously, for in-
stance being snagged to the canvas bars used to hold and release
the nets. Consequently, this single individual was removed from the
analyses. Only few specimens of other fish were caught in the Multi-
net (not identified to species: 6, 4, and 2 ind. 1000 m~> from 400 to
600 m, 600 to 800 m, and 800 to 1000 m depth, respectively).

Length—mass relationship for Cyclothone spp

Size ranges varied between C. braueri (n = 30), C. microdon
(n = 24), and C. pseudopallida (n = 30) taken from trawl catches
throughout the cruise (Figure 4). Individuals ranged from 15 to
57 mm SL and from 0.019 to 0.847 g wet mass, where the smallest
individual was a C. braueri and the largest a C. microdon. Combin-

220z Aienuep gz uo Jesn yoieasay auligp 10 a1nnsu| Aq 960S2+9/859€/01/8//21onle/swilseol/woo dno olwapese//:sdiy Woll papeojumod]



Mass estimates of individual gas-bearing mesopelagic fish

3665

Table 2. Numerical densities of the 19 most abundant fish species (out of a total of 50 taxa) caught in the trawl between 0 and 1200 m depth at
the studied station (Figure 1), including presence/absence and condition of swimbladder (if blank, no information could be found).

Numerical density

Species (ind. 1000 m~3) Swimbladder Swimbladder condition

Cyclothone braueri 0.953 Yes*> Gas-filled + regressed fat-invested® (in adults®)/(in large
individuals*)

Cyclothone microdon 0.920 Yes® Gas-filled + regressed fat-invested (in adults®)

Cyclothone pseudopallida 0.154 Yes' Fat-invested'

Valenciennellus tripunctulatus 0.125 Yes®

Chauliodus danae 0.058 No'

Argyropelecus hemigymnus 0.037 Yes* Gas-filled swimblader®

Chauliodus sloani 0.037 No 4>

Notoscopelus resplendens 0.037 Yes® Gas-filled or regressed®

Vinciguerria poweriae 0.033 Yes* Gas-filled*

Argyropelecus aculeatus 0.029 Yes®

Diogenichthys atlanticus 0.029 Yes®

Lobianchia dofleini 0.029 Yes* Gas-filled and regressed swimbladders*

Hygophum hygomii 0.025 Yes* Gas-filled and regressed swimbladders (gas-filled in some
large individuals, but most of the large and many of the
small ones have regressed swimbladder)*

Lampanyctus alatus 0.025 Yes®

Hygophum reinhardtii 0.021 Unknown'

Notolychnus valdiviae 0.021 Yes®

Eurypharynx pelecanoides 0.017 No®

Gonostoma elongatum 0.017 Yes® Regressed fat invested-swimbladder®

Lampanyctus photonotus 0.017 Yes?

"Ariza et al. (2016), 2Brooks (1977), *Denton and Marshall (1958), “Kleckner and Gibbs Jr (1972), >°Marshall (1960), and *Neighbors and Nafpaktitis

(1982).
Species
u Cyclothone pseudopallida "
oo | & Cyclothone braueri
o | x Cyclothone microdon "
x
o
o
—_
=]
=
/2]
[
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=
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o
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Figure 4. Length—mass regresssion of Cyclothone spp. (n = 84)
including C. pseudopallida (n = 30), C. braueri (n = 30), and C.
microdon (n = 24) sampled along the whole cruise track:

M; = 1.380e ¢ x L****, R> = 0.86. Standard length (SL, mm)
and wet mass of individual fish (M, g). Note different size ranges
between species.

ing the three species, the length-mass relationship is expressed by
the regression equation:

M; = 1.380e % x [**, (3)

where My is wet mass per individual fish in g and L is SL in mm.
This length-mass regression was used to estimate individual mass
of Cyclothone spp. from the trawl and Multinet.

Length, mass, and numerical density estimates of
Cyclothone spp. in nets

The length distribution of Cyclothone spp. in the trawl ranged from
16 to 60 mm SL (29 = 9mm) while the Multinet samples ranged
from 12 to 28 mm SL (20.7 & 4.8 mm) at the studied station from
400 to 800 m depth (Figure 5 and Supplementary Table S3).

To approach what we assumed was the size distribution closest
to the one in situ, the size distribution obtained by both net sys-
tems were combined into one. The highest recorded numerical den-
sity of Cyclothone caught in either net was used in the combined
dataset and resulted in a mean length of 22.5 + 7.4 mm (Figure 5
and Supplementary Table S3). Several length-groups of Cyclothone
spp. were observed and in the combined dataset it was evident that
the size group from 20 to 29-mm SL dominated and constituted
~46% of total biomass (Figure 5).

Mass estimates based on Equation (3) ranged from 0.011
to 0.779 g ind! (0.113 %+ 0.136 g) and 0.004 to 0.066 g
ind! (0.030 + 0.019 g) in the trawl and Multinet, respec-
tively (Supplementary Table S3). The weighted mean mass was
0.048 £ 0.079 g ind™! when nets were combined.

The mass—frequency distribution of Cyclothone spp. at the sta-
tion was calculated by assigning mass to the combined dataset of
fish lengths (Figure 5) using Equation (3). Individuals with esti-
mated masses of less than 0.075 g constituted ~90% of the total
abundance and made up ~60% of the cumulative biomass (Figure
6). These resemble the two first length-groups observed in Figure
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Figure 5. Length—frequency distribution of Cyclothone spp. between
400 and 800 m for Multinet (n = 64), trawl (n = 141), and combined
(n = 125) net data. See Supplementary Table S3 for weighted mean
length and mass. The cumulative biomass (%) is indicated in red.

5 (12-29 mm SL). The third length group (30-40-mm SL, Figure
5), corresponded to individual masses of 0.075-0.225 g and com-
prised ~6% of total abundance (Figure 6). The remaining groups
(>0.225 g and > 40-mm SL) comprised only ~3% of total abun-
dance. Even low numerical densities of larger individuals had a vis-
ible effect on the cumulative biomass. For example, Cyclothone in-
dividuals with masses between 0.775 and 0.800 g constituted only
0.3% of total numbers but ~6% of total biomass.

Total estimated abundances of Cyclothone spp. from 400 to
800 m depth were ~4 and ~13 ind. m~2 in the trawl and Multinet,
respectively, and ~15 ind. m™ when combining net data. Applying
the weighted mean mass of Cyclothone spp. of 0.048 g ind™' gave a
biomass estimate of ~0.7 g m2 in the combined net data.

Mass and flesh density estimates from model

In total, 822 individual gas-bearing fish were manually detected
from 400 to 800 m depth, and TS spectra exported. Subsequently,
the viscous—elastic scattering model was fitted to the TS spectra (see
examples of 16 randomly chosen targets in Figure 7) and resulted in
estimated swimbladder radii (ESR) ranging from 0.25 to 1.16 mm
(Figure 8).

Different target groups, based on acoustically/model inferred
swimbladder sizes, seem to be present within the DSL (Figure 8).
For example, between ~500 and ~700 m depth, a homogeneous
layer of fish with very similar estimated sizes of swimbladders was
observed. Highest numbers of acoustic targets were detected be-
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Figure 6. Mass—frequency distribution of Cyclothone spp. between
400 and 800 m depth. Each bar includes individual mass in 0.025 g
intervals. Mass estimates are based on Equation (3) (Figure 4) and the
combined length-frequency distribution data from the trawl and
Multinet (Figure 5, lower panel). The red line displays the cumulative
biomass (%).

tween ~470 and ~520 m depth, similar to what was found by
echo-counting (Figure 3). The detected targets were assumed to
be dominated by Cyclothone spp. and were included in further
analysis.

Mass estimates of acoustic targets (Equation (2)) were highly
sensitive to fish flesh density, and the lowest density contrast re-
sulted in the highest mass estimates (Figure 9A-D). Mass esti-
mates of Cyclothone spp. from the net samples ranged from 0.004
to 0.779 g (Figure 6) and the model-estimated mass distribution
was closest to the net estimate when using a density contrast of
1.020 (Figure 9B; fish flesh density of 1.047-1.049 gml™!, depending
on depth of the fish). The estimated mean mass was 0.045 g ind™
(Figure 9B).

A density contrast of 1.020 was therefore applied on the vertical
distribution data presented in Figure 8 to investigate the distribu-
tion of target masses (presumably dominated by Cyclothone spp.) in
relation to depth (see Supplementary Figure S3).

Numerical density and abundance estimates of
gas-bearing fish by echo-counting
Echo-counting of acoustic targets suggests large variations in nu-
merical densities over the vertical profiles (Figure 3). The aver-
age numerical density (grouped into 25 m vertical bins) of echoes
at larger depths (> ~800 m) were close to zero (Figure 3B). The
numerical density reached levels of more than 150 ind. 1000 m™
at ~490 m depth. Between 400 and 800 m, where targets were
mainly present (Figure 3, Supplementary Figure S1), total surface
integrated abundance estimate was ~46 ind. m™. Applying the
mean mass of 0.045 g ind™, estimated from acoustics/model, re-
sults in a total biomass estimate of ~2 g m™> between 400 and
800 m.

The majority of targets measured at 70 kHz were found in a nar-
row range of TS values, with TSs between -62 and -58 dB re 1 m?,
though with a larger variation in TS at some depths (Figure 3A).
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Figure 7. Fitting of the viscous—elastic spherical scattering model (red line) to the in situ measured acoustic TS spectra data from 16 randomly
chosen gas-bearing mesopelagic fish (grey dots) between 400 and 800 m depth. Targets displayed with increasing equivalent spherical
swimbladder radius (Rsz; ESR, mm) from upper left to lower right graph. A total of 822 targets were measured and the model fitted to the data
within the resonance region (highlighted with thick black lines surrounding the grey dots). Target number, depth of detection (z) and

swimbladder radius (Rsz) are indicated for each randomly chosen target.

Presence of physonect siphonophores

At the station, no physonect siphonophores were positively identi-
fied in images from the VPR nor from Deep Vision. A total of three
out of 84653 images captured by the VPR in the depth region 400-
800 m documented capture nets that could potentially belong to
physonect siphonophores.

Discussion

Acoustic data is frequently used to estimate biomasses, and for
many species of commercially important fish species, the relation-
ships between backscatter, organismal length, and biomass are well
known (e.g. Nakken and Olsen, 1977; Sinovcic et al., 2004; Sim-
monds and MacLennan, 2005). For Cyclothone, and indeed many of
the mesopelagic fish species, there is limited information on these
relationships, and previous to this study we are not aware of any
acoustic estimates of Cyclothone biomass. Since Cyclothone can be
extremely abundant (e.g. Pefa et al., 2014; Davison et al., 2015a;
Ariza et al., 2016), and at least some of the species can have gas-
filled swimbladders (Marshall, 1960; Kleckner and Gibbs Jr, 1972;
Davison, 2011), they are likely to be an important component of

mesopelagic acoustic backscatter from the oceans globally at fre-
quencies close to their resonance (i.e. at frequencies >18 kHz; e.g.
Pefia et al., 2014). As can be seen from Figure 7, model estimated
TS at 38 kHz varies extensively, but given the high peak densities
observed (Figure 3), volume backscatter of this group is potentially
high, as a density of 0.1 ind. m™ (conservative for peak densities,
see Figure 3) and an average TS of —50 dB re 1 m* would result in
a volume backscatter of -60 dB re 1 m™".

Abundance and mass estimation

In trawl catches from mesopelagic depths, myctophid species fre-
quently dominate in terms of biomass, but Cyclothone spp. often
dominate in numbers (e.g. Davison ef al, 2015a), and Cyclothone
has been described as the most numerous genus of vertebrates on
earth (Nelson et al., 2016). Net catches are however invariably bi-
ased, and previous studies have highlighted that the biases for the
genus Cyclothone may be particularly large when sampled with
graded midwater trawls (Olivar et al. 2017): species of Cyclothone
are slender and small, and can easily pass through the trawl meshes,
thereby resulting in underestimation of numerical densities (Oli-
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Figure 8. Equivalent spherical radius (ESR, mm) of acoustic/model inferred swimbladders from 822 acoustic targets in relation to depth (blue
dots). Occurrence (%) of targets along the depth profile is shown as a red line.
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mass (g) for each density contrast is listed. Mass ranges were compared with mass range estimated from net catches (Figure 6).
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var et al., 2012, 2017). Both abundance and biomass of the genus
is probably severely underestimated on a global scale, and their
relative importance in open ocean ecology is likely to be under-
appreciated.

The catch data indicated size selectivity by the trawl towards
larger- (>30-mm) and Multinet towards smaller (<30-mm) speci-
mens, similar to previous observations for Cyclothone spp. (Gartner
et al., 1989; Olivar et al., 2017). We therefore combined catch data
from the two different nets to obtain a size distribution range and
attempted this by estimating abundance of Cyclothone spp. from
400 to 800 m depth, where the highest numerical densities were ob-
served by both acoustic- (Figure 3, Supplementary Figure S1) and
Multinet data (Figure 5). Normally, numerical densities of organ-
isms in net catches are estimated by including all water filtered. Low
numbers of organisms in a depth stratum will thus result in filtering
more or less “empty water,” leading to severe underestimations of
the actual numerical densities. Surface integrated abundances will
additionally be biased if there is a gradient in the vertical distribu-
tion and if the sampled volume is not evenly distributed across the
sampled depth range.

Our data suggest that the bulk of the total biomass (i.e. ~60%)
was made up of small individuals (<29-mm SL), which were un-
dersampled by the trawl. The Multinet however did not sample any
individuals in the size range that we estimate made up ~40% of the
total biomass (>29-mm SL, Figure 5 lower panel). This highlights
that it may be hard to generalize the effects of capture efficiencies
on biomass estimates, as it is a function of the interaction between
population size distribution and net selectivity. It also stresses that
extreme caution must be exercised when estimating size distribu-
tions for different mesopelagic species, especially when the input
data is from a single net type. In addition to being necessary for esti-
mating precise biomass levels, accurate size distributions are essen-
tial both to interpretation of acoustic data (Simmonds and MacLen-
nan, 2005) and to several of the ecosystem models used to study the
mesopelagic (e.g. Irigoien et al., 2014; Proud et al., 2019). Hence,
studies of net selectivity curves on mesopelagic organisms should
have high priority in the future.

In mesopelagic studies, data collected at 38 kHz is often applied
for abundance and biomass estimations and will possibly continue
to be so due to this frequency’s usability regarding range. In our
data from a single station, a fraction of the mesopelagic fish com-
munity had small swimbladders, and for some of the randomly
chosen targets, low TS at 38 kHz was observed (Figure 7). Simi-
larly, Bassett et al. (2020) observed mesopelagic organisms with low
TS at 38 kHz. If these “weaker” acoustic targets are undercounted
in acoustic data measured at 38 kHz and not accounted for in
mean TS estimations of mesopelagic fish assemblages, actual abun-
dances/biomasses would be underestimated. This emphasizes the
importance of obtaining accurate TS measurements of mesopelagic
communities at 38 kHz, e.g. by towed acoustic platforms (e.g. Bas-
sett et al., 2020). Our data only pertains to this area at this time, but
it is our assertion that most mesopelagic studies have insufficient
sampling to properly resolve in situ size distributions, and that the
effects of this on mesopelagic acoustic biomass estimates is under-
studied (cf. Davison et al., 2015a; Proud et al., 2019).

The estimated mass—frequency distribution and mean mass per
individual from our acoustics/model were tuned to be similar to the
one estimated from net catches of Cyclothone spp.. This occurred at
a density contrast of 1.020 (fish flesh densities ranging from 1.047
to 1.049 ¢ ml™, depending on depth of the fish). Davison (2011)
found fish flesh densities ranging from 1.038 to 1.078 g ml™! (mean

3669

1.052 £ 0.008 g ml™ s.d.) for Cyclothone spp. (15-68 mm SL), result-
ing in density contrasts ranging from 1.010 to 1.049 (1.024 # 0.008),
when assuming a seawater density of 1.027 g ml™'. However, there
are variations in flesh densities between species and life stages,
where for instance large individuals of a species can have lower flesh
density than small individuals (Davison, 2011). Some species lack
swimbladders or have reduced swimbladder volume (e.g. Marshall,
1960; Table 2 present study; Davison, 2011) and instead contains
high amounts of lipids in the flesh and swimbladder, supposedly to
enable neutral buoyancy (Marshall, 1960; Neighbors and Nafpakti-
tis, 1982; Phleger, 1998). These inter- and intra-specific differences
in flesh densities are important to keep in mind as these will add
some uncertainty to our mass estimation using acoustics/model.

Targets in the DSL

Many mesopelagic fish species are suspected to actively avoid gear
(Koslow et al., 1995; Kaartvedt et al., 2012). However, since Cy-
clothone has been described as lacking a strong avoidance reaction
(Pena et al., 2020), compared to larger species (e.g. Kaartvedt et al.,
2012; Bernardes et al., 2020), they likely dominate the acoustic tar-
gets that were manually chosen in the range 9-13 m away from
MESSOR.

We assume that the vertical distribution of Cyclothone did not
differ (noticeably) between day and night and that net catches
(taken during daytime) and acoustic measurements (taken during
night) are comparable. Many of the other species caught in the
trawl, such as V. tripunctulatus and Argyropelecus hemigymnus, have
a swimbladder (Table 2) and can thus contribute to the acoustic tar-
gets detected between 400 and 800 m depth, but some of the caught
species perform DVM and might therefore not be present in the
DSL during night (Badcock and Merrett, 1976; Hopkins and Baird,
1985; Carpenter and De Angelis, 2016) during acoustic data sam-
pling. In species without a swimbladder (e.g. for instance Chaulio-
dus danae and C. sloani), the resulting frequency response will
be different than the ones from gas-bearing targets (Stanton et al.,
2010; Proud et al., 2019). The optical sensors, producing results
similar to methods that have previously been used to enumerate
siphonophores in other studies (e.g. underwater video analogous
to Deep Vision in Warren et al., 2001; VPR in Benfield et al., 2003),
did not register any presence of physonect siphonophores at the sta-
tion, suggesting that siphonophores were not an important source
of acoustic backscatter. One siphonophore was identified in Deep
Vision at the station prior to the one used in the present study
(Figure 1, Supplementary Figure S4).

Cyclothone braueri and C. microdon were almost equally abun-
dant at the station. Cyclothone braueri is a smaller species compared
to C. microdon and have been observed to live in a shallower depth
stratum (~400-600 m), whereas C. microdon are mainly present at
~500-900 m (Badcock and Merrett, 1976). Cyclothone pseudopall-
ida was less abundant and has been observed to be present ~500-
800 m depth (Badcock and Merrett, 1976). Thus, all three species
overlap in their vertical distributions. A positive size-depth rela-
tionship has been observed for Cyclothone spp. (Badcock and Mer-
rett, 1976; McClain et al., 2001) and other mesopelagic fish species
(Olivar et al., 2012), and is also suggested in our data. For exam-
ple, in the depth distribution of acoustically inferred swimbladder
sizes displayed in Figure 8, the swimbladder radii in targets from
~500 to 700 m increased with depth. This group of targets could
potentially consist of one species of Cyclothone. Marshall (1960) re-
ports that during the larval phase, C. braueri and C. microdon indi-
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viduals have a gas-filled swimbladder, but after metamorphosis, the
swimbladder regresses and becomes fat-invested. If a large individ-
ual has a small swimbladder and instead has a high amount of lipids
to keep neutrally buoyant, the mass of this individual will be un-
derestimated using the method presented here, where the mass es-
timate is based on neutral buoyancy facilitated by the swimbladder
only. In relation to this, there was a group of targets at ~640-800 m
depth with smaller swimbladders (<~0.6-mm), which potentially
could be larger individuals of Cyclothone spp., where the swim-
bladder has regressed and been replaced by lipids. From a depth
of ~400-550 m, some targets with larger swimbladder (>0.86-mm
ESR) and low resonance frequency (~18-26 kHz, Supplementary
Figure S5) were present. The resonance frequency for Cyclothone
spp. have been suggested to be closer to 38 kHz (Pena et al., 2014),
which may indicate that these targets with larger swimbladders
could be other species.

We used the mass distribution range in nets to tune the fish flesh
density included in the acoustic model by ensuring a reasonable
match of the model output with the “ground-truth.” By removing
the larger targets mentioned above (swimbladders >0.86-mm),the
density contrast will change from ~1.020 to ~1.003 (fish flesh den-
sities from 1.047-1.049 to 1.030-1.032 g ml"'; Figure 9B, Supple-
mentary Figure S6E) and furthermore change mean mass estimated
from acoustics/model. Hence, the decision on which acoustic tar-
gets to include/reject will have huge consequences of the result-
ing density contrast estimate, and consequently mean mass esti-
mate, and we run a risk of potential issues of circular reasoning.
This points out the importance of having ground-truth data to sup-
port identification of targets in situ so these can be directly linked
to the acoustic data. Also other independent measurements would
be desirable, either optics (Ryan et al., 2009; Kloser et al., 2016) or
acoustically based (Giorli et al., 2018), but these and other meth-
ods may also come with their own biases, such as possible avoid-
ance/attraction of some organismal groups/species to the instru-
ments.

Applicability of presented approach

A central assumption of our method is neutral buoyancy at depth,
which is likely to be the case for non-migrating fish associated
with the DSL, such as Cyclothone spp. (Barham, 1971). Being
neutrally buoyant saves energy (Alexander, 1966) and both non-
migratory and migratory (i.e. performing DVM) mesopelagic fish
species have been observed to hang motionless at depth (from a
submersible vehicle by Barham, 1971; from a stationary bottom-
mounted echosounder by Kaartvedt et al., 2009), indicating lim-
ited swimming activity at depth. This suggests that assuming neu-
tral buoyancy in mesopelagic physoclist fish at depth is reasonable
and thus, the approach to estimate mass of mesopelagic fish pre-
sented here can potentially be applied for other mesopelagic fish
species. Though, some species have resonance at lower frequencies
(i.e. <70 kHz), and as swimbladder size (and hence mass, under the
assumption of neutral buoyancy) is estimated by fitting the viscous-
elastic scattering model to the TS spectra within the resonance re-
gion of each target, echosounders covering resonance regions at
lower frequencies should be applied (e.g. Bassett et al., 2020) in fu-
ture studies.

The approach presented here is a proof of concept, and the
next step will be to automate target selection. This would allow
large datasets to be analysed to estimate biomass of gas-bearing
mesopelagic fish on a larger scale. The combination of acoustic
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wideband in situ measurements, scattering models and net catches
should also be applied to include other groups of mesopelagic or-
ganisms, adding to our current limited knowledge on mesopelagic
ecology.

Sources of uncertainty

Direct mass measurements can be time consuming and accurate
biomasses, especially for small organisms, can be difficult to obtain
in the field. Hence, length-mass relationships are often used to es-
timate mass from length measurements (Sinov¢i¢ et al., 2004). In
this study, the length-mass regression is contructed with the three
Cyclothone species combined. We assumed that these three species
have the same length-mass relationships, which adds some uncer-
tainty to the analyses. Larger individuals of C. microdon differed
from the fitted regression line and our results are therefore an ap-
proximation.

All acoustic targets between 400 and 800 m depth and 9-13 m
away from MESSOR were inspected manually, and only used for
further analysis if their TS spectra was not disturbed by a closely
co-occurring target (Khodabandeloo et al., 2021) and only if the de-
tection criteria were met (see Table 1). This eliminates “detectabil-
ity bias” of the human operator, who otherwise could have inad-
vertently favoured data from one weight/size class over the other.
Yet, to overcome potential bias, the selection of echoes for inver-
sion should be automated in future works.

Conclusions

By combining a viscous—elastic scattering model with in situ wide-
band acoustic TS measurements, we demonstrated direct estima-
tion of mass of individual Cyclothone spp. under certain assump-
tions. Since all methods have size- and species-dependent biases,
and obtaining unbiased size distributions of mesopelagic organisms
are perceived as difficult (Gjosater and Kawaguchi, 1980; Kaartvedt
et al., 2012), results from this approach (since it is subject to dif-
ferent biases), could serve as one of several approaches, and could
ultimately help reduce uncertainties when estimating mesopelagic
biomass levels. In this regard, this approach should be tested on
other mesopelagic gas-bearing fish species.

Additionally, this work provides much needed documentation
of acoustic properties for the world most numerous genera of
fishes, the cyclothones. This genus tends to be overlooked when
mesopelagic acoustic backscatter is discussed [although see e.g.
Pefia et al. (2014); Ariza et al. (2016)], but since the genus can have
a gas-filled swimbladder and often dominates numerically, it can
have a very significant influence on acoustic results.
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