
Mesopelagic fish biomass in the southern California current ecosystem

Peter Davison n, Ana Lara-Lopez, J. Anthony Koslow
Scripps Institution of Oceanography, University of California, San Diego, 9500 Gilman Dr., La Jolla, CA 92093-0218, USA

a r t i c l e i n f o

Available online 18 October 2014

Keywords:
USA
California
Mesopelagic zone
Biomass
Echo surveys
Fish
Trawling

a b s t r a c t

Mesopelagic fishes are the most common vertebrates on Earth, forming an important link between
lower trophic levels and higher predators, and also between surface production and the deep sea. The
biomass of these fishes is a key parameter for ecological modeling of oceanic ecosystems, but it is poorly
known. The two most common methods to estimate the biomass of these fishes, acoustic and trawl
surveys, are both sensitive to the ability of fishes to avoid nets. We show that size-dependent changes in
trawl capture efficiency can affect acoustic estimates of biomass estimates 5-fold. We used both acoustic
and trawl-based methods (informed by morphological data and acoustic modeling of individual
backscattering) to estimate the biomass of mesopelagic fishes of southern California to be 25–
37 g m�2 of ocean surface, a comparable density to that of inshore epipelagic zooplanktivorous fishes.
Our results indicate that mesopelagic fishes are likely to play a major role in regional food webs.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The “Lilliputian fauna” (Murray and Hjort, 1912) that inhabits
the mesopelagic zone between approximately 200 and 1000 m
depth has fascinated scientists since it was discovered more than a
century ago. Much has since been learned about this unique fauna
and its morphological, physiological, and ecological adaptations to
the limited light and food available in this zone, but the role that
this fauna plays in global marine food webs and biogeochemical
cycling still remains poorly understood. Mesopelagic fishes, the
dominant component of this fauna, are found throughout the open
ocean, and a significant proportion conduct diel vertical migra-
tions (DVM) to feed on near-surface zooplankton under cover of
darkness. They are thus a key link between the plankton and
higher predators in marine food webs, as well as a potentially
significant conduit for the active transport of organic matter from
the surface to the deep ocean. However, mesopelagic fishes are
often neglected in models of marine food webs and carbon cycling
or considered to be relatively minor players, largely due to
uncertainty with regard to their biomass.

In the only global review of mesopelagic fish abundance to
date, Gjosaeter and Kawaguchi (1980) estimated their global
biomass to be on the order of one billion tonnes, based primarily
on trawl surveys. Gjosaeter and Kawaguchi (1980) recognized that
their estimate might be significantly biased due to avoidance of
small trawls and escapement through the meshes of large trawls,
but believed it to be within a factor of three of these fishes’ true

abundance. However, more recent studies indicate that the biases
due to avoidance and escapement from pelagic trawls may be even
more severe, such that there may be an order of magnitude or
more midwater fishes than previously recognized (Kaartvedt et al.,
2012; Koslow et al., 1997; May and Blaber, 1989).

More recent estimates of mesopelagic fish abundance that have
relied on acoustic as well as trawl sampling have generally
supported the view that trawl sampling grossly underestimates
midwater fish biomass (Davison, 2011b; Kloser et al., 2009; Koslow
et al., 1997). However, acoustic sampling of midwater assemblages
contains its own uncertainties and potential sources of bias.

First, combined acoustic/trawl surveys depend on the trawl
sampling to assess community composition. Key components of
midwater assemblages that may comprise a significant proportion
of the acoustic backscatter may be missed entirely by midwater
trawling, such as thecosomatous (shelled) pteropods, fragile
siphonophores with gas-filled pneumatophores, large fishes, and
squids. Over the continental slope, the relative mix of mesopelagic
and benthopelagic fishes near the bottom is often uncertain, while
at night, some mesopelagic fishes may migrate into the upper
10 m of the water column and be unobserved by hull-mounted
acoustic systems (O’Driscoll et al., 2009).

Several further issues complicate the modeling and assessment
of the acoustic backscattering from mesopelagic fishes. Small
mesopelagic fishes may exhibit resonance at the frequencies
generally used for acoustic surveys (e.g., 18 and 38 kHz). The
gas-filled swimbladders of some taxa regress and become fat-
invested through ontogeny (Butler and Pearcy, 1972; Davison,
2011a; Yasuma et al., 2010), so their target strength may decline
markedly with size. If present, a gas-filled swimbladder accounts
for 90% or more of a fish’s acoustic backscattering (Davison, 2011a;
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Foote, 1980). As a result, the simple positive relationship of target
strength (TS) with length observed in many coastal fishes (e.g.,
Foote and Traynor, 1988) will not be obtained. Swimbladder
inflation in relation to depth will also presumably greatly influence
TS, but this is also uncertain for midwater fishes: to what extent do
they inflate their swimbladders at depth, given the energetic costs
of extracting oxygen from the often oxygen-poor water at depth
and the need to resorb the gas as they vertically migrate into near-
surface waters?

Uncertainty of an order of magnitude in the abundance of a
potentially key group of zooplankton consumers has considerable
implications for our understanding of pelagic ecosystem structure
and function. The dynamics of productive eastern boundary
current ecosystems are often considered to be regulated by a
few key species of epipelagic planktivores, such as sardine and
anchovy, which are believed to dominate this trophic level. Based
on this “wasp-waist” paradigm, fluctuations in the abundance of
these few key taxa are critical to the dynamics of a wide array of
their zooplankton prey and their higher predators, while the
potential role of mesopelagic zooplanktivores is generally ignored
(Cury et al., 2000). Similarly, carbon export models have generally
ignored the role of mesopelagic fishes in active transport of carbon
from near-surface waters to the deep ocean (Buesseler et al., 2007;
Falkowski et al., 2003; Longhurst et al., 1990). However, if
estimates for the biomass of the mesopelagic micronekton are
revised upward by an order of magnitude, their role in marine
food webs and the ocean carbon cycle may need to be re-evaluated
(Davison et al., 2013).

In this paper, we assess the biomass of mesopelagic fishes using
acoustic and pelagic trawl sampling on cruises of the California
Cooperative Oceanic Fisheries Investigations (CalCOFI) off south-
ern California (Fig. 1) over three years (2010–2012). We are not
able to resolve definitively the full array of potential biases and
uncertainties in such sampling. However, we attempt to confront
them in order to examine the sensitivity of biomass assessments
to them. We view this as a necessary step to focusing research so
that the most critical sources of error and uncertainty can be
resolved.

2. Methods

2.1. Data collection

Midwater trawl samples and acoustic backscattering data were
collected from seven CalCOFI cruises between 2010 and 2012
(Table 1) to estimate mesopelagic fish biomass in the southern
California Current Ecosystem (CCE). Samples were collected along
the CalCOFI grid from San Diego to north of Point Conception
(Fig. 1).

Oblique tows were made to �500 m depth using a 5-m2

Matsuda–Oozeki–Hu trawl (MOHT) fitted with a 1.7 mm
uniform-mesh net (Oozeki et al., 2004). In deploying the net, the
ship speed was maintained at 4 knots while 1500 m of wire was
released at a speed of �40 m min�1. Net retrieval was carried out
at a ship speed of �3 knots with the wire recovered at
�25 m min�1. A total of 22 tows (21 in daylight, one at night)
were made at various CalCOFI stations with the aim of collecting
samples from inshore basins and continental slope, the core of the
California Current, the productive upwelling region near Point
Conception, and oligotrophic offshore waters. Three to five tows
were made per cruise for five of the seven cruises (Fig. 1). Trawl
depth was recorded using a Wildlife Computers Mk9 archival tag
fixed to the frame of the MOHT. Water flow through the net was
measured with a TSK flowmeter. Samples were preserved in 5%
formalin within one hour after recovery of the net. Ashore, fishes
were identified to species and standard length (Ls) measured to
the nearest millimeter. Wet weight of fishes was either directly
measured to 0.01 g precision, or calculated from length–weight
curves (Table 2). Abundance and biomass were estimated by
dividing the number and weight (respectively) of captured fishes
by the volume of water filtered, and then multiplying by the depth
of the trawl.

Acoustic backscattering data were collected between stations
using a hull-mounted Simrad EK60 split-beam echosounder
equipped with five frequencies (18, 38, 70, 120, and 200 kHz).
The EK60 was calibrated before each cruise using the standard
sphere method (Foote et al., 1987). Pulse length was set to
1.024 ms with a ping rate of 0.5 s�1. Beam angles were 71 for
the 38 kHz transducers and 111 for the 18 kHz. Power for both 18
and 38 kHz transducers was 2 kW. As the three highest frequen-
cies did not reliably penetrate to the depth of the daytime deep
scattering layer (DSL) at the vessel transit speed (�10 knot), they
were not used in this study. Acoustic data were processed and
noise removed using Echoview software. Nautical area scattering
coefficient (NASC) was calculated over 100 m distance segments
by 5 m depth intervals. Only backscattering data from 175 to
525 m were used for analyses, corresponding to the shallowest
daylight occurrence of mesopelagic fishes and the depth of the
trawls. Although some mesopelagic fishes are found in the
epipelagic at night, they are mixed with abundant epipelagic
fauna that are poorly sampled by our net, and thus we excluded
data shallower than 175 m.

Fig. 1. CalCOFI stations (open circles with dots). Isobaths are shown for 1000 and
2000 m. Line numbers are shown at the offshore terminus, and station numbers are
shown to the south of Line 93. CalCOFI stations are referred to in “line.station”
format (e.g., 93.70). Approximate trawl locations are shown as closed circles for
CalCOFI-1008; closed triangles for CalCOFI-1011; closed squares for CalCOFI-1108;
closed diamonds for CalCOFI-1110; and closed stars for CalCOFI-1202.

Table 1
CalCOFI cruises for which data were collected.

Cruise nos. 1001 1008 1011 1101 1108 1110 1202
Month January August November January August October February

Year 2010 2010 2010 2011 2011 2011 2012
No. of
trawls

0 4 3 0 5 5 5

Acoustic
data?

Yes Yes Yes Yes Yes Yes Yes
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Table 2
Fish species captured in CalCOFI trawls, showing presence of gas-filled swimbladders, diel vertical migration (DVM) behavior, length–weight relationship parameters (Ww¼x� Ls

y), and body density regression slopes and intercepts.
Six species of myctophids have a density vs. length relationship that is best represented by two lines that intersect at an inflection point (Ls¼ i). For these species, the body density slope and intercept are given for Lso i and Ls4 i.

Family species Gas DVM x y Slope (Lso i) Intercept (Lso i) i Slope (Ls4 i) Intercept (Ls4 i)

Nemichthyidae
Avocettina infans No No – – 0 1.044 1
Nemichthys scolopaceus No No 8.50E�08 2.775 0 1.074 1
Bathylagidae
Bathylagoides wesethi No Yes 2.42E�06 3.324 �0.286E�03 1.060 1
Bathylagus pacificus No No 1.56E�06 3.356 – – –

Leuroglossus stilbius No Yes 2.29E�06 3.316 �0.263E�03 1.058 1
Lipolagus ochotensis No Yes 4.57E�06 3.156 �0.312E�03 1.059 1
Microstomatidae
Microstoma microstoma Yes No 3.26E�06 3.185 0 1.067 1
Nansenia crassaa Yes No 3.26E�06 3.185 0 1.05 1
Alepocephalidae
Alepocephalus tenebrosus No No 7.39E�07 3.652 0 1.044 1
Platytroctidae
Holtbyrnia latifrons No No 1.02E�06 3.532 0 1.046 1
Sagamichthys abei No No 1.28E�06 3.443 �0.112E�03 1.056 1
Gonostomatidae
Cyclothone acclinidens No No 2.63E�06 3.147 �0.465E�03 1.067 1
Cyclothone atraria No No 2.20E�06 3.214 �0.478E�03 1.064 1
Cyclothone pseudopallida Yes No 5.75E�06 2.840 0 1.055 1
Cyclothone signata Yes No 5.03E�06 2.932 0 1.056 1
Diplophos taenia Yes Yes 2.67E�07 3.451 0 1.074 1
Gonostoma ebelingi Yes Yes – – 0 1.050 1
Sternoptychidae
Argyropelecus affinis Yes No 5.04E�06 3.396 0 1.057 1
Argyropelecus hemigymnus Yes No 7.25E�06 3.406 0 1.063 1
Argyropelecus lychnus Yes No 1.43E�05 3.295 0 1.060 1
Argyropelecus sladeni Yes No 2.14E�05 3.108 0 1.064 1
Danaphos oculatus Yes No 1.27E�06 3.471 0.262E�03 1.055 1
Sternoptyx diaphana Yes No 3.45E�05 3.217 0 1.052 1
Sternoptyx obscura Yes No 4.76E�05 2.979 0 1.051 1
Phosichthyidae
Ichthyococcus irregularis Yes No 2.99E�05 2.932 �1.050E�03 1.079 1
Vinciguerria lucetia Yes Yes 1.41E�06 3.515 0.166E�03 1.067 1
Vinciguerria poweriae Yes Yes 6.65E�07 3.853 0 1.069 1
Stomiidae
Aristostomias scintillans No No 1.33E�06 3.367 0 1.045 1
Bathophilus flemingi No No 1.61E�06 3.290 �0.094E�03 1.049 1
Chauliodus macouni No No 1.63E�06 3.173 �0.108E�03 1.057 1
Idiacanthus antrostomus No Yes 2.65E�07 3.088 �0.072E�03 1.057 1
Stomias atriventer No No 3.93E�07 3.373 �0.157E�03 1.064 1
Tactostoma macropus No No 4.50E�07 3.242 �0.063E�03 1.051 1
Scopelarchidae
Benthalbella dentata No Yes – – – – –

Scopelarchus analis No Yes 1.60E�06 3.380 0 1.074 1
Notosudidae
Scopelosaurus harryi No No 4.20E�08 4.018 0 1.059 1
Paralepididae
Arctozenus risso No No 3.66E�06 2.790 �0.131E�03 1.072 1
Lestidiops ringens No No 3.79E�07 3.233 �0.181E�03 1.082 1
Myctophidae
Bolinichthys longipes Yes Yes 1.12E�06 3.689 0 1.071 1
Ceratoscopelus townsendi o38 mm Yes 2.72E�06 3.425 �0.694E�03 1.084 1
Diaphus anderseni Yes Yes 5.39E�06 3.372 0 1.077 1
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Table 2 (continued )

Family species Gas DVM x y Slope (Lso i) Intercept (Lso i) i Slope (Ls4 i) Intercept (Ls4 i)

Diaphus theta Yes Yes 1.03E�05 3.137 �0.378E�03 1.073 1
Diogenichthys atlanticus Yes Yes 2.31E�06 3.612 1.550E�03 1.038 1
Electrona risso Yes Yes 1.38E�05 3.179 0 1.077 1
Hygophum reinhardtii Yes Yes 7.34E�06 3.171 0.294E�03 1.064 1
Lampadena urophaos Yes Yes 5.73E�06 3.227 0 1.063 29.5 0 1.076
Lampanyctus tenuiformis Yes Yes 3.48E�06 3.259 0 1.067 1
Loweina rara Yes Yes – – 0 1.073 1
Myctophum nitidulum Yes Yes 5.97E�06 3.220 0 1.074 1
Nannobrachium hawaiiensis o70 mm Yes 1.98E�06 3.321 �0.196E�03 1.063 1
Nannobrachium regale o76 mm No 2.55E�06 3.299 �0.265E�03 1.065 1
Nannobrachium ritteri o46 mm Yes 2.71E�06 3.287 �0.662E�03 1.070 58.5 0 1.032
Notolychnus valdiviae Yes Yes 8.56E�06 2.996 �1.570E�03 1.078 1
Notoscopelus resplendens o32 mm Yes 8.02E�06 3.133 0 1.069 1
Parvilux ingens o71mm No 2.75E�06 3.236 0 1.042 1
Protomyctophum crockeri Yes No 5.43E�06 3.357 0 1.075 1
Stenobrachius leucopsarus o37 mm Yes 4.05E�06 3.250 �1.030E�03 1.069 39.5 0 1.029
Symbolophorus californiensis Yes Yes 2.16E�06 3.398 �0.456E�03 1.058 49.5 �0.504E�03 1.101
Tarletonbeania crenularis Yes Yes 4.94E�06 3.210 0 1.073 29.5 0 1.083
Triphoturus mexicanus o35 mm Yes 2.43E�06 3.319 �0.785E�03 1.066 39.5 0 1.031
Melamphaeidae
Melamphaes lugubris o51 mm No 4.65E�06 3.424 �0.714E�03 1.083 1
Melamphaes parvus o39 mm No 9.18E�06 3.228 �0.831E�03 1.093 1
Scopelogadus bispinosus o49 mm No 9.19E�06 3.191 �0.290E�03 1.065 1
Howellidae
Bathysphyraenops simplex Yes Yes 4.54E�06 3.337 0 1.065 1
Zoarcidae
Melanostigma pammelas No No – – – – –

Tetragonuridae
Tetragonurus cuvieri o50 mm No – – – – –

a No data was available for N. crassa; DVM behavior, gas content, Ww(Ls) were taken from similarly-shaped and related M. microstoma, whereas body density was assumed to be 1.050.
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2.2. Forward modeling of fishes

Estimation of fish abundance using the technique of echo
integration requires the mean backscattering cross section (σbs)
and area scattering (NASC; (Simmonds and MacLennan, 2005)). On
an individual basis, the body of a fish only contributes 10% or less
to σbs at 38 kHz (Fig. 2; Davison, 2011a; Foote, 1980). Thus, the
presence and volume of gas in a fish is crucial to estimation of its
σbs. Several of the most common lanternfish species in the CCE
have regressed swimbladders as adults (Davison, 2011a). Fishes
were deemed to have functional swimbladders following Davison
(2011a), with the assumption that gas is lost in all fishes of a
species at the Ls beyond which no individuals were found to have
gas present in their swimbladder (Table 2). Gas volume was
assumed to be that required for neutral buoyancy of the fish. This
volume was calculated from the fish body density, wet weight, and
density of the surrounding water (50 m depth intervals from 200
to 500 m), and changed o3% over the depth range. Water density
was calculated from averaged CalCOFI temperature and salinity
profiles (stations with bottom depth greater than 200 m; Table 3)
and the High Pressure International Equation of State of Seawater
(Millero et al., 1980). Fish body density, which often varies with Ls,
was taken from Davison (2011a, 2011b); supplemented with
additional data, and is summarized in Table 2. Neither the
assumption of neutral buoyancy nor the assumption that all fishes

of a certain Ls have gas is well established, and evidence is
equivocal (Davison, 2011a; Neighbors, 1992). We explore the effect
of changing these assumptions on biomass estimates as part of a
sensitivity analysis.

Forward acoustic modeling of the backscattering by each fish
with a gas-filled swimbladder was carried out to estimate indivi-
dual and mean σbs. Fishes without gas inclusions (including large
individuals from species that have regressed swimbladders) were
not modeled because their σbs is o10% that of a similarly sized fish
with a functional swimbladder (Fig. 2; Davison, 2011a), they are
less numerous than fishes with functional swimbladders (Table 4),
and because inverse modeling has shown that gas bubbles
comprise �94% of the total backscattering at 38 kHz (Davison,
2011b). This assumption is further supported by numerous obser-
vations that small mesopelagic fishes with gas-filled swimbladders
are associated with the DSL (Backus and Barnes, 1957; Backus et
al., 1968; Barham, 1966; Benoit-Bird and Au, 2006). Fish bodies
were acoustically modeled as fluid-filled cylinders of the same
length, volume, and density as the measured fishes, following
Stanton (1988). The gas from the swimbladder was modeled as a
gas sphere following Anderson (1950). High-frequency resonance
in the sphere model (Fig. 2 at frequencies greater than 100 kHz)
was smoothed by averaging the modeled σbs over 10 iterations in
which gas volume varied slightly (normal distribution with
SD¼0.2% of the calculated gas volume). The acoustic backscatter-
ing cross sections (σbs) of the modeled body and gas were added to
form the overall σbs. TS (dB re 1 m2) is the decibel form of the σbs
(m2 m�2), and the two variables are related by the equation
TS¼10 log10(σbs). The Anderson (1950) model does not damp the
primary resonance peak for thermal, viscous, and radiation effects.
We explored the effect of damping in a sensitivity analysis by
creating a hybrid model (Fig. 2) in which high frequencies
(kaZ0.12) were calculated following the Anderson (1950) model
and lower frequencies (kao0.12) were calculated using the
Johnson (1977) high-pass model with a damping factor, δ, of 0.2
(Holliday, 1972; Kloser et al., 2002; Lavery et al., 2007; Love, 1978).

The Stanton (1988) and Anderson (1950) models require
several parameters, some of which are dependent on depth,
salinity, and temperature. These parameters were estimated as
follows. The speed of sound in seawater, c, was calculated based
upon the measured pressure, temperature, and salinity (Table 3)
following Mackenzie (1981). The ratio of sound speed in the fish
body to that in seawater, h, was assumed to be 1.020 (Yasuma et
al., 2006). Because this value of h was determined for
c¼1490 m s�1 at �1 atm pressure, and the change in h with
decreased temperature and increased pressure is unknown, σbs of
the fish body was calculated at a depth of 0.5 m and
c¼1490 m s�1, i.e., sound speed in fish flesh is assumed to change
proportionally to sound speed in seawater. Dorsal incidence (tilt
angle of 01) was assumed for the fluid-filled cylinder, which gives a
maximal σbs that is conservative for echo integration. The

Fig. 2. Frequency spectrum of backscattering from the swimbladder (radius
1.08 mm) of a 24 mm lanternfish (Ceratoscopelus townsendi) at 200 m (solid line)
and 500 m (dashed line) depth. The frequency spectrum of backscattering from the
body of this fish is shown as a dotted line. The damped frequency spectrum (δ¼0.2)
for this fish at 200 m is shown as a dash-dot line.

Table 3
Temperature (T; 1C) and salinity (S; PSU) for CalCOFI cruises averaged across all stations with bottom depth greater than 200 m.

Cruise nos. 1008 1011 1108 1110 1202

T S T S T S T S T S

Surface (m) 16.79 33.33 17.14 33.31 17.28 33.35 17.79 33.35 14.15 33.32
200 8.68 34.02 8.80 33.99 8.66 34.04 8.63 34.02 8.65 34.04
250 8.11 34.10 8.18 34.09 8.16 34.12 8.12 34.11 8.11 34.11
300 7.57 34.14 7.61 34.13 7.69 34.16 7.63 34.15 7.66 34.16
350 7.11 34.17 7.11 34.16 7.27 34.2 7.12 34.17 7.17 38.18
400 6.66 34.20 6.65 34.18 6.87 34.22 6.72 34.20 6.79 34.21
450 6.28 34.22 6.24 34.21 6.49 34.24 6.34 34.23 6.42 34.24
500 5.98 34.25 5.92 34.24 6.15 34.27 6.02 34.26 6.11 34.26
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swimbladders of mesopelagic fishes are spheroidal, and it has
been shown that backscattering from spheroids is similar to that of
a sphere when the aspect ratio is low (o�4; Feuillade and Werby,
1994; Kloser et al., 2002; Love, 1978). Backscattering from swim-
bladders of mesopelagic fishes is not sensitive to tilt angle at
38 kHz (Yasuma et al., 2003; Yasuma et al., 2010), and thus a
sphere is an appropriate model shape. The gas inside swimblad-
ders was assumed to be an ideal gas (oxygen) at the temperature
and pressure, P, of the ambient water, with a ratio of specific heats
γ¼1.4, and a speed of sound, cg, given by cg¼(γPρw�1)0.5, where ρw
is the density of the ambient water. Temperature and pressure of
the swimbladder gas were assumed to be that of the
ambient water.

A mean σbs is required for echo integration. The backscattering
from fishes is sensitive to depth due to changes in the resonant
frequency (Kloser et al., 2002; Fig. 2), but we had no data
regarding the vertical distribution of the fish assemblage. We
assumed an even distribution of fishes over depth, with the
exception that Cyclothone spp. were not present at 175–275 m
(Barham, 1971; Davison, unpublished data), and estimated σbs for
each fish in 50 m depth increments. Individual σbs was averaged by
depth interval and cruise in order to incorporate depth-
dependence. For cruises with acoustic data but no trawls
(Table 1), the mean σbs of all cruises with trawls was used. Mean
σbs was calculated for these depth increments both for all fishes
(day use) and for non-vertically migratory (NM) fishes (σbs,nm;
night use).

Capture efficiency of trawls is a key parameter for trawl-based
estimates of biomass. Capture efficiency also affects acoustic-based
estimates if it varies amongst the catch, acting through mean σbs,
mean wet weight, and the fraction of fishes with inflated swim-
bladders. We chose differential capture efficiency as our baseline
(rather than uniform capture efficiency), and explored its effect on
our results with a sensitivity analysis. Capture efficiency of fishes
was assumed to differ in the following manner. Because Cyclothone
spp. are weak swimmers (Barham, 1971; Smith and Laver, 1981),
we assumed that 100% of Cyclothone spp. in the path of the net
were captured. We also assumed that 50% of other fishes with
Lso3 cm were captured, and that 10% of fishes with LsZ3 cm
were captured. This was achieved by duplication of the respective
portions of the trawl catch (i.e., a “50% fish” was duplicated once,
and a “10% fish” was duplicated nine times before calculation of
mean σbs, mean wet weight, and fraction of fishes with inflated
swimbladders).

2.3. Acoustic data processing

NASC echograms for each transit between CalCOFI stations
were visually inspected. Bad data, seamounts, sections where the
bottom depth was shallower than 550 m, and dawn/dusk periods
when DVM was underway were excluded. Where this occurred in
the middle of a transit, it was broken into two parts. Transits
between CalCOFI lines were used on the seaward side of the grid,
but not on the inshore side.

Because the 18 kHz frequency is particularly sensitive to
resonance effects for mesopelagic fishes due to the size of the air
inclusion in their swim bladders (Kloser et al., 2002; Godo et al.,
2009; Fig. 2), we used echo integration at 38 kHz for abundance
estimates. This frequency-dependent difference in backscattering
(dB difference) was exploited to distinguish aggregations of fishes
with gas-filled swimbladders from small fluid-filled zooplankton
such as krill, which can be abundant at depths shallower than
300 m. Small fluid-filled objects are in the Rayleigh scattering
region at frequencies 18–38 kHz, and thus have a positive 38–
18 kHz dB difference. Most fishes with swimbladders have a
negative dB difference. We applied a 38–18 kHz dB difference
threshold to the 38 kHz NASC data for 175–325 m depths based
upon the fish forward model results, ignoring data with a dB
difference greater than the threshold which is inconsistent with
backscattering from fishes.

Abundance of fishes with gas-filled swimbladders (ag) was
calculated from the (thresholded) NASC and the cruise- and
depth-specific σbs and σbs,nm. Day and night are treated differently
because during daylight all mesopelagic fishes are at depth,
whereas at night only the non-vertically migratory ones remain
between 175 and 525 m. Because day and night trawl catches do
not differ in biomass (implying similar capture efficiencies), and
because daylight trawls to �200 m depth do not capture epi- or
mesopelagic fishes (Davison et al., 2013), acoustic data from the
175–500 m depth range are directly comparable to trawl catches
from 0 to 500 m. In daylight periods, ag¼NASC/(σbs�4π�18522),
and at night ag¼NASC/(σbs,nm�4π�18522). Total abundance (a)
was estimated as a¼ag/(fishes with gas/total fishes) in daylight,
whereas at night a¼ag/(NM fishes with gas/total fishes), as
determined by the trawl catches for each cruise. Vertical migration
behavior of species follows Davison (2011a), and is also presented
in Table 2. Biomass of mesopelagic fishes (b) is simply b¼a�
(mean wet weight). The units of abundance are ind. m�2, and
those of biomass are g m�2.

Table 4
Trawl catch by cruise. Numbers of non-vertically migratory fishes, vertically-migratory fishes, and fishes assumed to have gas-filled swimbladders are abbreviated to as
“NM”, “VM”, and “gas”, respectively. “Adj.” refers to estimates adjusted for differential capture efficiency assumptions (100% Cyclothone spp., 50% other fisheso3 cm, and 10%
other fishes Z3 cm captured). The acoustic estimate of mesopelagic fish biomass is also shown for comparison.

Cruise nos. 1001 1008 1011 1101 1108 1110 1202 mean

Abundance (ind. m�2) 7.27 7.66 12.54 7.13 8.50 8.6
Mean weight (g) 0.73 0.46 0.43 0.29 0.50 0.5
Gas (%) 59.2 77.4 58.0 74.1 69.6 67.7
VM abundance (%) 46.8 27.1 34.2 16.5 26.2 30.2
NM with gas (%) 34.3 60.2 48.0 64.6 58.4 53.1
Biomass (g m�2) 5.34 3.52 5.52 2.19 4.25 4.2
Adj. abundance (ind. m�2) 28.8 19.9 45.3 15.3 27.0 27.3
Adj. mean weight (g) 1.72 1.52 1.08 1.10 1.38 1.4
Adj. gas (%) 35.2 54.0 27.9 53.7 44.2 43.0
Adj. NM with gas (%) 11.8 30.5 17.3 37.9 22.5 24.0
Adj. biomass (g m�2) 49.9 30.2 49.1 17.5 37.6 36.9
Acoustic biomass (g m�2) 9.4 76.8 22.2 7.0 40.6 11.1 10.2 25.3
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3. Results

3.1. Trawl catch

A total of 22 trawls (21 in daylight) were made to �500 m
depth (mean 523 m, SD 34 m, 438 m minimum, 593 m maximum)
during five CalCOFI cruises, capturing over 17,000 mesopelagic
fishes. Trawl-based estimates of abundance (ANOVA; F¼2.89,
df¼21, p¼0.054) and biomass (ANOVA; F¼0.68, df¼21, p¼0.61)
did not vary significantly between cruises, but were highest in the
summer and lowest in the fall (Table 4). Similarly, mean weight of
individual fishes (Kruskal–Wallis ANOVA on ranks; H¼0.98, df¼4,
p¼0.91) and the fraction of fishes with gas-filled swimbladders
(ANOVA; F¼1.17, df¼21, p¼0.36) did not vary significantly
between cruises (Table 4). Abundance ranged from 3.3 to 19.0
(mean 8.8) ind. m�2, and biomass estimates from the trawls varied
between 0.6 and 14.6 (mean 4.2) g m�2. In general, abundance and
biomass were greater inshore and to the north, and lesser offshore
and to the south. Abundance was dominated by Cyclothone spp.,
whereas the greatest contribution to biomass was by lanternfishes
(Myctophidae; Table 5). Dominance of biomass by lanternfishes
was less pronounced when only fishes with gas-filled swimblad-
ders were considered (Table 5). Total abundance and biomass
increased together, but were not significantly related (F¼3.98,
n¼22, p¼0.06; Fig. 3). Abundance of fishes with gas-filled
swimbladders was not significantly related to total biomass
(F¼0.21, n¼22, p¼0.65).

Because large adult lanternfishes of several dominant species in
the CCE (Stenobrachius leucopsarus, Nannobrachium ritteri, Ceratos-
copelus townsendi, and Triphoturus mexicanus) do not have gas-
filled swimbladders, whereas the small juveniles of these species
do, the differential capture efficiency assumption has the effect of
increasing biomass and abundance, but decreasing the fraction of

fishes with gas (Table 4). After adjustment for differential capture
efficiency, the mean trawl-based biomass estimate is 36.9 g m�2.

3.2. Forward modeling (mean σbs and thresholds)

Mean modeled σbs increases approximately 4-fold between 200
and 500 m depth for both all fishes (mean TS increases by �6 dB;
Fig. 4A) and non-vertically migratory fishes due to increasing
numbers of resonant fish with increasing depth. Mean σbs was
consistent between cruises, and also between the mean of all
fishes and mean of non-migratory fishes (Fig. 4B).

18 kHz data were used for dB-difference threshold tests to
exclude backscattering from the shallowest depth intervals (175–
325 m) that is inconsistent with that expected from mesopelagic
fishes (e.g., dense aggregations of krill). This filtering excludes
some fishes with a positive dB difference. When wet weight is
plotted against dB-difference, it can be seen that only the smallest
fishes have a positive dB difference at shallow depths (Fig. 5A). The
(38–18 kHz) thresholds applied were �5 dB for 175–225 m,
�3 dB for 226–275 m, and 0 dB for 276–325 m, roughly corre-
sponding to fishes of less than 0.1 g wet weight (Fig. 5A). While
numerous, fishes weighing less than 0.1 g constitute less than 7%
of the biomass. If the small, abundant, and deep-living Cyclothone
spp. are excluded, fishes less than 0.1 g constitute less than 1% of
the biomass. Application of differential capture efficiency

Table 5
Percent of trawl catch by taxonomic group, “gas” indicates those fishes assumed to
have gas-filled swimbladders.

Abundance
(gas)

Abundance
(total)

Biomass
(gas)

Biomass
(total)

Bathylagidae 0.0 1.6 0.0 1.5
Cyclothone spp. 73.2 63.7 34.8 10.6
Sternoptychidae 5.9 3.9 18.1 4.1
Stomiidae 0.0 1.5 0.0 4.7
Myctophidae 18.6 27.1 44.6 74.6
Other 2.3 2.1 2.6 4.5

Fig. 3. Trawl-based total abundance and total biomass (filled circles). Abundance of
fishes with gas-filled swimbladders is shown as hollow circles.
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Fig. 4. Forward modeling of fishes assumed to have gas-filled swimbladders;
(A) mean TS of all fishes by cruise, and (B) mean backscattering cross section (σbs,
the linear form of TS) of cruises for both all fishes (closed circles) and for non-
vertically migratory fishes (open circles).
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assumptions will decrease the fraction further (Fig. 6). Some of the
larger mesopelagic fishes have dB differences near the threshold,
but they are not abundant day or night in the depth range to
which the threshold was applied. Less than 10% of the large fishes
captured by a 1-m2 MOCNESS in the study area were present in

the depth range where they would be thresholded (Davison,
unpublished MOCNESS data). A rising threshold was used to match
the slope of the increase in dB difference of mesopelagic fishes
with depth (Fig. 7), which occurs because greater numbers of
fishes become resonant at 38 kHz as depth increases (Fig. 5). A

Fig. 5. 38–18 kHz dB difference of individual fishes from CalCOFI-1202, (A) 200 m depth vs. wet weight; (B) 500 m depth vs. wet weight; (C) 200 m histogram of dB
difference; and (D) 500 m histogram of dB difference. The inflection point at ��20 dB in (A) and (B) represents 18 kHz resonance, and the inflection point at �30 dB is
38 kHz resonance. Other structure in (A) and (B) results from medium-sized fishes with regressing swimbladders and differences in body density (and thus gas volume) in
similarly-sized fishes. In (C) the left mode is fishes resonating at 18 kHz, and the central mode is large fishes that resonate at frequencies o18 kHz.
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Fig. 6. Cumulative wet weight distribution of all fishes (solid line) and non-
Cyclothone spp. fishes (dashed line) from CalCOFI-1202 prior to application of
differential capture efficiency assumptions.
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Fig. 7. Collective 38–18 kHz dB difference of trawl catches from CalCOFI-1202
calculated from total area backscattering of all fishes with gas-filled swimbladders
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difference data exclusion are shown as circles.
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filter was not used for acoustic data from depths greater than
325 m because many fishes have a positive dB difference at these
depths (Fig. 5D).

3.3. Acoustic data processing

An offshore acoustic data segment with representative features
is shown in Fig. 8, with the daytime DSL at its typical depth of
300–500 m. An inshore echogram from Catalina Basin (Fig. 9) is
provided for comparison. The effect of thresholding was small
offshore and large in inshore basins. Scatterers with high 38–
18 kHz dB difference (Rayleigh region fluid scatterers such as krill
or 38 kHz resonant gas inclusions from larval fishes) occur in a
layer shallower than our 175 m minimum depth (Figs. 8B and 9B).
The band of high dB-difference at �500 m depth is consistent
with resonance of gas bubbles at 38 kHz (Figs. 5 and 8B). The basic
spatial pattern of the acoustic data matched that of the trawls,
with higher biomass estimates inshore, and lower estimates off-
shore (Fig. 10). However, large trawl catches off of Point Concep-
tion were often not well-reflected in the acoustic estimates. These
trawl catches were dominated by large myctophids with regressed
swimbladders (S. leucopsarus). In addition, some cruises had
extremely high acoustic biomass estimates across much of the
southern California Bight, a region of complex bathymetry includ-
ing many deep basins inshore of the core of the California Current
(Fig. 1). Comparably high biomass was not observed with trawls
made in that region. This phenomenon is hereafter referred to as
the “basin effect.” The basin effect was observed in CalCOFI-1008
(Fig. 10), CalCOFI-1011, CalCOFI-1108, and CalCOFI-1110 cruises
(summer and fall), but not on CalCOFI-1001, CalCOFI-1101, or
CalCOFI-1202 cruises (winter). The areal extent of the basin effect

varied by cruise, was observed both day and night, and coincided
with high trawl-based biomass estimates of mesopelagic fishes.
The DSL in basin effect segments was non-resonant at the depths
of peak scattering (Fig. 9), and similar to “normal” segments in
most respects besides magnitude.

Daytime acoustic biomass estimates were slightly higher than
night estimates (means 27.0 and 22.5 g m�2, respectively),
although they were not significantly higher (Mann–Whitney
U¼18644, n1¼194, n2¼216, p¼0.054). When averaged across
cruises, acoustic estimates of mesopelagic fish biomass (mean of
25 g m�2) were greater than “raw” trawl estimates of biomass
(mean of 4.2 g m�2) but lower than trawl estimates similarly
adjusted for capture efficiency (mean of 36.9 g m�2; Fig. 11;
Table 4). There appears to be temporal coherence between
acoustic and trawl estimates (Fig. 11), but it is not statistically
significant (Spearman rank correlation, rs¼0.7 n¼5, p¼0.23). At a
smaller spatial scale than an entire cruise, trawl estimates were
compared to the mean of the two nearest acoustic estimates. The
log-transformed local acoustic and adjusted trawl results are
significantly positively related (F¼5.3, df¼21, p¼0.03). At this
local scale, and with similar assumptions of capture efficiency,
trawl estimates of biomass were greater than acoustic estimates
(Fig. 12).

3.4. Sensitivity analysis

The acoustic estimates of biomass required some assumptions
for quantities that are poorly known. Chief amongst these are
damping of resonant swimbladder gas, neutral buoyancy, the
assumption that all vertically-migratory fishes at a given Ls either
do or don’t have gas-filled swimbladders, and the assumption of

Fig. 8. CalCOFI cruise1202 transect between stations 93.70–93.80 (daylight) (A) area backscattering strength (Sa) echogram with horizontally integrated area backscattering
coefficient (sa; Sa¼10 log10(sa)) vector (dashed line) and thresholded sa vector (solid line) superimposed on the second x-axis, and (B) 38–18 kHz dB difference.
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differential capture efficiency. These quantities were varied to test
the sensitivity of our biomass estimates (CalCOFI-1202 cruise) to
the assumptions made (Table 6). These assumptions act on the
acoustic biomass estimate by changing the mean σbs, mean wet
weight, and the ratios used to estimate the total number of fishes
from the number of fishes with gas-filled swimbladders. The
effects on biomass are non-linear, and may be counter-intuitive.
Incorporation of damping results in an 18% increase in acoustic
abundance by reducing resonance and thus mean σbs. Reduction in
gas volume increases σbs because the resonant frequency of a
smaller bubble approaches 38 kHz, thus decreasing the estimated
acoustic abundance and biomass (Table 6). Reduction in the
fraction of vertically-migratory fishes with gas in their swimblad-
der increased the acoustic biomass estimate. Acoustic estimates of
biomass were most sensitive to differential capture efficiency.
Variation of capture efficiency produced a 5-fold difference
between the lowest and highest acoustic estimates (Table 6).
Increasing the Ls at which capture efficiency was assumed to
change produced an increase in acoustic biomass due to increased
mean wet weight and a decrease in the ratio of fishes with gas to
total fishes.

4. Discussion

Our trawl depths (mean of 523 m) were consistent with the
maximum acoustic sampling depth (525 m), the lower bound of

the DSL, and the upper bound of the oxygen minimum zone
(�525 m; Figs. 8 and 9; Koslow et al., 2011). To the extent that we
are neglecting an unknown number of lower mesopelagic fishes,
our biomass estimates (4.2 g m�2 mean) are conservative, yet
consistent with previous observations prior to compensation for
capture efficiency (Davison et al., 2013; Gjosaeter and Kawaguchi,
1980; Pearcy and Laurs, 1966). The domination of abundance by
small fishes (chiefly Cyclothone spp. and juvenile lanternfishes in
the CCE; Fig. 6) and of biomass by larger lanternfishes is also
consistent with previous work (Davison et al., 2013). Approxi-
mately 30% of the abundance is comprised of vertically-migratory
taxa (Table 4), although it is known that not all fishes from
vertically-migratory species are found in the epipelagic at night
(Clarke, 1973; Davison et al., 2013; Pearcy et al., 1977). The trawl
estimates were not significantly different between cruises, but the
combination of low sample size per cruise (n¼3–5) and the high
variability of trawl catches (Angel and Baker, 1982; Atsatt and
Seapy, 1974) serve to obscure seasonal and annual patterns that
may be present.

Our acoustic estimate of mesopelagic fish biomass varied both
spatially (Fig. 10) and temporally (Fig. 11). The inter-cruise acoustic
biomass mean was 25 g m�2 (�53 fishes m�2). Acoustic biomass
was lowest in the winter (CalCOFI-1001 and CalCOFI-1101) and
highest in the summer (CalCOFI-1008, CalCOFI-1108; Fig. 11).
However, the summer acoustic estimates were biased high due
to the basin effect, which produced local acoustic biomass esti-
mates as much as two orders of magnitude higher than trawl

Fig. 9. CalCOFI cruise1008 “basin effect” transect between stations 90.45–90.37 (daylight; Catalina Basin) (A) area backscattering strength (Sa) echogram with horizontally
integrated area backscattering coefficient (sa; Sa¼10 log10(sa)) vector (dashed line) and thresholded sa vector (solid line) superimposed on the second x-axis, and (B) 38–
18 kHz dB difference.
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estimates near the Channel Islands (Figs. 9 and 10). The scatterers
responsible for the basin effect were not resonant (Fig. 9). Barring
orders-of-magnitude changes in swimbladder inflation or capture
efficiency, this indicates that there were strong and numerous
unobserved (by the trawl) acoustic scatterers in the water column.
Both pteropods and physonect siphonophores fit this description.
Neither one of these taxa outnumber fishes in trawl catches in the

study area (Davison, 2011b), but gelatinous animals such as
siphonophores are known to be poorly sampled with nets because
they are disassembled, destroyed, and extruded (Benfield et al.,
2003; Robison, 2004), whereas the hard shells of pteropods are
likely to be well-retained by the net. Pteropods are principally
epipelagic in depth-distribution, whereas many siphonophores are
mesopelagic (Marshall, 1980), and thus pteropods are unlikely to
be responsible for the basin effect. Physonect siphonophores have
been shown to be important scatterers of sound when present
(Benfield et al., 2003; Lavery et al., 2007; Warren et al., 2001).
Large numbers of the physonect siphonophore Nanomia bijuga
have been observed in the mesopelagic from submersibles in the
area (Barham, 1963; Pickwell, 1970; Robison et al., 1998), and this
species has sharp abundance peaks late in the summer in
Monterey Bay (Robison et al., 1998). N. bijuga has a pneumato-
phore which is similar in size to a mesopelagic fish swimbladder
(1–3 mm; Barham, 1963), and thus difficult to distinguish from a
fish acoustically. Pneumatophores of this size are unlikely to be
retained with our mesh. Our observation of a seasonal basin effect
in the Southern California Bight, strongest in August, is consistent
with blooms of N. bijuga similar to those observed in
Monterey Bay.

Daytime acoustic biomass estimates were higher than night
estimates, but not significantly so, consistent with use of a ratio of
NM fishes with gas to total fishes that is �10% too high to
reconstruct total biomass. This bias could arise if �10% of
nominally NM fishes expanded their nighttime depth range above
the 175 m range limit. Nocturnal range expansion of nominally NM
fishes has been observed in other studies (Baird, 1971; Benoit-Bird
and Au, 2006; Davison et al., 2013). In support of this hypothesis,
backscattering was observed at night in the deep epipelagic and
many hatchetfishes (but few Cyclothone spp.) were captured in
CalCOFI epipelagic night tows to 175 m.

The core 38 kHz DSL (sa) in the study area was not dominated
by strongly resonant backscatterers (Figs. 8 and 9), although they
are present and, in combination with fishes that approach reso-
nance, create an increase in mean σbs with depth (Figs 2 and 7). In
general, 38 kHz resonant backscatterers dominated sa in an epi-
pelagic band and in separate stratum at �500 m depth (Figs. 8 and
9). Resonant fishes have Ls of 10–20 mm, and a 24 mm juvenile
myctophid is too large to be resonant at 500 m (Fig. 2). The
smallest (resonant) fishes are least able to avoid our trawl and
thus most likely to be captured and represented in our models. We
attribute the epipelagic resonance band to fish larvae or dense

Fig. 10. Spatial pattern of acoustic biomass for (A) CalCOFI-1202, and (B) CalCOFI-
1008 (“basin effect”). Trawl estimates of biomass are shown as numbers (g m�2) at
the approximate locations where trawls were made. The colorbar limits for
CalCOFI-1008 are set below the maximum estimate for clarity (maximum value is
738 g m�2, at 33.21N 119.91W).
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Fig. 11. Estimates of mesopelagic fish biomass by cruise; acoustic adjusted for
differential capture efficiency (filled circles), trawl (filled triangles), and trawls
adjusted for differential capture efficiency (hollow triangles). Cruises with a strong
basin effect were 1008 and 1108, whereas 1011 and 1110 had weaker basin effects.

Fig. 12. Comparison of trawl-based estimates of mesopelagic fish biomass and the
acoustic estimates nearest the trawl. Both unaltered trawl data (filled circles) and
trawl data adjusted for differential capture efficiency (hollow circles) are shown.
The regression of adjusted trawl biomass against acoustic biomass is shown as a
dashed line with a slope of 0.40 and intercept of 0.93.
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aggregations of Rayleigh scatterers, and the 500 m resonant layer
to small Cyclothone spp. and/or juvenile myctophids. Note that the
dB difference increases �20 dB between 350 and 500 m depth
(Fig. 8). A dB difference increase of �5 dB is expected if fishes
were evenly distributed with depth (Fig. 7). This is evidence of
strong layering by depth within the mesopelagic fish community.

Local acoustic and trawl estimates of biomass are significantly
related, although noisy (Fig. 12). Trawl catches are known to be
highly variable (Angel and Baker, 1982; Atsatt and Seapy, 1974;
Davison et al., 2013), and acoustic estimates are sensitive to
differences between local acoustic targets and parameters aver-
aged across an entire cruise (wet weight, σbs, fraction of fishes
with gas, occupied depth). Several of the myctophid species that
dominate biomass in the CCE have regressed swimbladders as
adults, and scatter sound weakly. This introduces a potential
mismatch between acoustic and trawl-based estimates of biomass,
and our acoustic survey possibly underestimated fish biomass for
this reason. Opposing this potential bias, the 38 kHz acoustic
estimates include some backscattering from non-target species
(invertebrates, nekton), although this is likely to be a small fraction
of the total (in the absence of the basin effect) due to the
combined effects of the greater backscattering strength of gas in
comparison to flesh, low abundance of large nekton, and dB
difference filtering that removes backscattering inconsistent with
gas. The inherent sampling variability of the trawls as well as the
temporal and spatial variability (both horizontal and vertical) of
the faunal distribution mandate a large number of trawls to
support acoustic surveys of mesopelagic fishes. Without depth-
stratified and frequent trawls for ground-truthing, it is difficult to
take advantage of the chief advantage of acoustic sampling—fine
horizontal and vertical spatial resolution. Our relatively sparse
column-integrated net tows necessitated averaging catches over
entire cruises, the assumption of even vertical distribution, and
introduced noise into the comparison of acoustic and trawl
biomass estimates.

We varied the values of five key assumptions required to
estimate the acoustic biomass of mesopelagic fishes in order to
evaluate the sensitivity of the results to a reasonable range of
values (Table 6). Large changes in damping, swimbladder gas
volume, and the fraction of vertically-migratory fishes with gas
in their swimbladder produced moderate changes in the acoustic
biomass estimate. However, changes in the relative capture
efficiency of fishes produce large and non-linear changes in
acoustic biomass; e.g., our nominal assumption, intermediate
between settings 1 and 2, produced an acoustic biomass estimate
larger than either (Table 6). Our simple gas sphere model was not
damped at the primary resonance peak for viscous, thermal, and
radiation effects, and this was only done as part of the sensitivity
analysis. Through reduction of resonance, damping decreases the
mean σbs of fishes and thus increases acoustic abundance esti-
mates by 18% (Table 6). This magnitude of change in the acoustic

estimate largely reconciles the difference between acoustic and
trawl-based estimates of biomass (Figs. 11 and 12).

The ability of fishes to avoid or escape a net is well known
(Gartner et al., 1989; Itaya et al., 2007), although capture efficiency
(the fraction of fishes retained in the net for a given volume of
water swept) remains poorly quantified. For mesopelagic fishes
and small trawls similar to the MOHT, capture efficiency has been
estimated to be approximately 2–31% (Baird et al., 1974; Barkley,
1972; Davison, 2011b). Swimming speed of a fish is known to scale
with length (Videler, 1993), and in general large fast-swimming
fishes are better able to avoid a net, whereas smaller fishes are
more likely to escape through the mesh. Capture efficiency also
affects acoustic estimates of abundance and biomass by biasing
the ground-truthing results (mean wet weight, mean σbs, fraction
of fishes with gas-filled swimbladders) if fishes differ in both
acoustic backscattering characteristics and in their ability to avoid
the net. This is certainly true here for mesopelagic fishes, which
vary by five orders magnitudes in wet weight, by three orders of
magnitude in σbs (Figs. 2 and 6), and in which the dominant
species do not have gas-filled swimbladders as adults (Davison,
2011b). Our results show that simple taxonomic and length-based
variation in capture efficiency affect acoustic biomass estimates by
a factor of five (Table 6). We assumed 100% capture efficiency for
Cyclothone spp. because they have been directly observed from
submersibles as weak fluttery swimmers (Barham, 1971; Smith
and Laver, 1981), a least value of 10% capture efficiency for the
strongest-swimming mesopelagic fishes, and an intermediate
capture efficiency of 50% for small fishes. These assumptions are
consistent with what is known about capture efficiency, but
remain an educated guess. Trawl-based biomass estimates are
greater than acoustic estimates with similar assumptions of
differential capture efficiency (Tables 4 and 6, Figs. 11 and 12).
Capture efficiency, and its taxonomic and size-based variation,
must be better understood in order to better reconcile trawl and
acoustic estimates of mesopelagic fish biomass.

The forward model of individual mesopelagic fishes used here,
a gas sphere added to a fluid cylinder, produces results similar to
both direct measurements and to other models using similar
assumptions (Davison, 2011a; Yasuma et al., 2010, 2006). Depth
of occurrence has a large effect on backscattering from mesope-
lagic fishes, acting through changes in the resonant frequency of
smaller fishes (Fig. 2; Kalish et al., 1986). Mean σbs of fishes with
gas-filled swimbladders is predicted to increase 5-fold from 200–
500 m depth, an 8 dB change (Fig. 4). This, in combination with the
ontogenetic regression of gas-filled swimbladders (Butler and
Pearcy, 1972; Davison, 2011a; Neighbors, 1992; Yasuma et al.,
2010), prevents the use of simple TS(Ls) relationships (often used
in stock surveys; Simmonds and MacLennan, 2005) for mesope-
lagic fishes that inhabit a broad range of depths. Our mean σbs
estimates from forward modeling of the trawl catch effectively
assumed that the fishes are distributed in an even proportion (as

Table 6
Sensitivity of the acoustic biomass estimate for CalCOFI-1202 (“biomass”) to variation in the assumptions made. “Gas volume” refers to the percentage of gas required for
neutral buoyancy. “Fraction with gas” refers to the fraction of vertically-migratory lanternfishes with gas in their swimbladder. “Damped” refers to damping of the primary
resonance peak with a damping parameter. “Capture efficiency” refers to the percentage of fishes that are captured from water swept by the net, and is expressed here as
three numbers; Cyclothone spp., fishes with Lso3 cm, and fishes with LsZ3 cm, respectively. “Ls threshold” refers to the fish length at which capture efficiency changes.
Parameters were varied independently. The mean trawl-based biomass estimate for this cruise is 4.3 g m�2. Note that an assumption of even capture efficiency (Setting 3)
produces an acoustic biomass estimate lower than the trawl-based estimate.

Parameter Nominal (%) Setting 1 (%) Setting 2 (%) Setting 3 (%) Nominal biomass Biomass 1 (g m�2) Biomass 2 (g m�2) Biomass 3 (g m�2)

Gas volume 100% 120% 80% 50% 10.2 11.1 (þ9%) 8.6 (�16%) 7.1 (�30%)
Fraction with gas 100% 50% – – 10.2 11.4 (þ12%) – –

Damped none δ¼0.2 – – 10.2 12.0 (þ18%) – –

Capture efficiency 100–50–10% 100–50–50% 100–10–10% 100–100–100% 10.2 3.1 (�70%) 7.3 (�28%) 1.9 (�81%)
Ls threshold 30 mm 20 mm 40 mm – 10.2 9.0 (�12%) 10.8 (þ6%) –
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modified by differential capture efficiency) throughout the depth
range of the trawl. This assumption is likely wrong, with error
varying both spatially and temporally, but it was necessitated by
our lack of depth-stratified trawl samples. At the species level,
mesopelagic fishes of differing Ls have been shown to occupy
different depth ranges (Frost and McCrone, 1979; Pearcy and Laurs,
1966; Willis and Pearcy, 1980). Because of the loss of gas-filled
swimbladders in large individuals of dominant species in the CCE,
it is unclear whether intraspecies size-based depth stratification of
mesopelagic fishes would have much effect on the acoustic
biomass estimate. However, the effect of interspecies depth
stratification on mean σbs could be large due to interspecies
differences in size and abundance (e.g., hatchetfishes and
Cyclothone spp.). Depth-stratified trawling is a crucial requirement
for improving upon the methods used here.

Diel vertical migration introduces an additional effect of depth
on σbs if the migrating individual does not maintain constant
buoyancy. i.e., if a fish allows the gas in the swimbladder to expand
or compress with ambient pressure changes, its acoustic back-
scattering will change due to the change in diameter of the gas
bubble within the swimbladder. We assumed approximately
constant volume of gas in the swimbladder, did not use data from
the epipelagic at night, and excluded periods of DVM from our
analysis. Broad-band acoustic studies indicate that some fishes
may allow gas volume to change during DVM (Hersey et al., 1962;
Kalish et al., 1986; Thompson and Love, 1996; Vent and Pickwell,
1977). There is also some evidence that the volume “corrects” to
the neutral buoyancy volume over time as an individual occupies a
depth (Vent and Pickwell, 1977). We observed 18 and 38 kHz
resonant peaks at intermediate depths within vertically migrating
scattering layers that were consistent with constant gas volume
(neutral buoyancy) and inconsistent with passive compression.
In situ TS observations are required to resolve this question.

Our best estimate of the biomass of mesopelagic fishes off of
southern California is 25–37 g m�2. Although uncertainties
remain, this estimate is about an order of magnitude higher than
previous trawl-based estimates for mesopelagic fish biomass in
the California Current region (3.6 g m�2; uncorrected for capture
efficiency and similar to our corresponding result of 4.2 g m�2;
Pearcy and Laurs, 1966) and 3–4 times larger than that predicted
by ecosystem modeling (7.6 g m�2; Field et al., 2006). However, it
is of the same order as combined acoustic and trawl estimate of
mesopelagic fish biomass off Tasmania (�30 g m�2; Koslow et al.,
1997) and in the CCE (�24 g m�2; Davison et al., 2013). Our
present estimate for mesopelagic fish biomass in the California
Current is also comparable to Field et al. (2006)’s estimate for the
biomass of forage fish in the coastal domain: 27.1 g m�2. Given
that mesopelagic fishes extend over a far greater domain than
inshore forage fishes (the California Current extends for several
hundred kilometers offshore), their impact on food web and
biogeochemical processes in the California Current may be
expected to be substantially greater than that of the inshore forage
fish assemblage. Davison et al. (2013) found that their similar
mesopelagic fish biomass estimate required �12–30% of NPP in
the CCE to support its metabolism. Substantially revised tropho-
dynamic and biogeochemical models incorporating these revised
biomass estimates for mesopelagic fishes will be the subject of a
future investigation.

In conclusion, the use of acoustic and trawl sampling to
estimate the abundance and biomass of mesopelagic fishes is
complicated by several factors: the ontogenetic regression of gas-
filled swimbladders in dominant species; the presence of diverse,
mixed aggregations that vary spatially (both horizontally and
vertically) and temporally; differences in capture efficiency across
taxa and five orders of magnitude in wet weight; the “behavior” of
gas-filled swimbladders during vertical migrations and its

influence on TS; and the collocation of strong acoustic scatterers,
such as physonect siphonophores, that are poorly sampled by
pelagic trawls. Some of these issues may be addressed in the
future through in situ TS sampling combined with photographic/
video and depth-stratified trawl sampling (Ryan et al., 2009). Our
present results combine multifrequency acoustics, trawling, and TS
modeling based on empirical studies of body density and ontoge-
netic changes in swimbladder morphology in mesopelagic fishes
(Davison, 2011a). Our estimate of mesopelagic fish biomass in the
California Current indicates that their role in regional ecosystems
has previously been significantly underestimated, and that their
role in regional food webs and biogeochemical cycles needs to be
reassessed.
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