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Abstract
Estimation of abundance or biomass, using acoustic techniques requires knowledge of the frequency depen-

dent acoustic backscatter characteristics, or target strength, of organisms. Target strength of zooplankton is typi-
cally estimated from physics-based models that involve multiple parameters, notably including the acoustic
material properties (i.e., the contrasts in density and sound speed between the animal and surrounding seawa-
ter). In this work, variability in the acoustic material properties of two zooplankton species in the Gulf of Maine,
the copepod (Calanus finmarchicus) and krill (Meganyctiphanes norvegica), was investigated relative to changing
season as well as, for the copepod, temperature and depth. Increases in the density and sound speed contrasts of
these species from fall to spring were observed. Target strength predictions based on these measurements varied
between fall and spring by 2-3 dB in krill. Measurements were also conducted on C. finmarchicus lipid extract at
changing temperature and pressure. The density contrast of the extract varied negatively with temperature,
while the sound speed contrast changed by more than 10 % over the temperature and pressure ranges that the
organism expected to occupy. C. finmarchicus target strength predictions showed that the combined effect of
temperature and pressure can be significant (more than 10 dB) due to the varying response of lipids. The large
vertical migration ranges and lipid accumulation characteristics of these species (e.g., the diapause behaviour of
Calanus copepods) suggest that it is necessary for seasonal and environmental variability in material properties
to be taken into account to achieve reliable measurements.

Quantitative biomass estimation of marine pelagic organisms
can be challenging due to their patchy distributions and net
avoidance behaviors (Harris et al. 2000). Active acoustics can
overcome some of these limitations by offering remote and non-
invasive measurements at high spatial and/or temporal resolu-
tion (Benoit-Bird and Lawson 2016). Scientific echosounders are
commonly used to survey populations of commercially impor-
tant species such as fish and euphausiids (Simmonds and Mac-
Lennan 2008; Fielding et al. 2014; Siegel and Watkins 2016;
ICES 2018). Many species of euphausiids are found in swarms
suitable for detection with the common fisheries echosounder

frequencies, and hence are quantitatively monitored using
acoustic techniques routinely in the Antarctic (Reiss et al. 2017),
sporadically in the North Atlantic (Jech et al. 2018), in the
Bering Sea (Ressler et al. 2012), off the California coast (Santora
et al. 2011), and in the Barents Sea (Ressler et al. 2015). Euphau-
siids (also referred to as “krill”) are important ecosystem mem-
bers throughout the world’s oceans and are well studied in
many regions (e.g., Antarctic krill, Bering Sea, and California
Current) (Nicol 2006; Santora et al. 2011, 2012; Ressler et al.
2012). Copepods, although smaller in size, may also form dense
layers in some regions sufficiently isolated from other sources of
scattering, making them interesting targets for acoustic observa-
tions (Lavery et al. 2007; Murase et al. 2009; Sakınan and
Gücü 2017).

High acoustic frequencies when used to probe the water
column mounted on platforms such as vertical acoustic pro-
filers allows to detect small-sized animals (Sutor et al. 2005;
Lebourges-Dhaussy et al. 2009, 2014; Parks et al. 2011; Warren
et al. 2016). Deep-towed or autonomous submersible
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platforms, allowing for closer range observations, allow mea-
surements at the higher frequencies relevant for quantification
of small zooplankton without being limited by depth (Wiebe
et al. 2002; Ohman et al. 2019). Multi-frequency observations
have shown that acoustic backscattering from zooplankton,
including euphausiids and copepods, can dominate the high
frequency signal (i.e., 200 and 420 kHz) received from scatter-
ing layers of mixed assemblages in the Gulf of Maine (GOM;
Lavery et al. 2007). In the GOM, Calanus finmarchicus is a key
prey species for many ecologically important organisms
including herring, cod, and marine mammals (Lough and
Kristiansen 2015; Fasick et al. 2017). In this region, Mega-
nyctiphanes norvegica is another important prey species, for-
ming large and dense aggregations that are preyed on by
higher trophic level predators including commercially impor-
tant fish and marine mammals, (Brodie et al. 1978; Stevick
et al. 2008; Warren and Wiebe 2008; Lowe et al. 2018).
Despite their ecological importance, however, krill in the
GOM have received relatively little attention, likely due in
part to their avoidance behavior and potential undersampling
by conventional nets (Wiebe et al. 2013). Wiebe et al. (2013)
showed good agreement between net and acoustic abundance
estimates when using a strobe light, while Jech et al. (2018)
and Warren and Wiebe (2008) have explored estimates of krill
biomass from acoustic measurements based on various
methods for discriminating krill from other scatterers. Their
results demonstrated the effectiveness of acoustic methods in
estimating the distribution and biomass of euphausiids in this
region.

These previous studies of C. finmarchicus and M. norvegica in
the GOM point to the need for further improvement in acous-
tic scattering model parameterization. To infer the abundance
of organisms from acoustic measurements of volume backscat-
tering strength, the amount of scattering expected from indi-
vidual organisms (i.e., the backscattering cross-section or in log
form the target strength [TS]) needs to be known (Demer and
Conti 2005). The TS of larger organisms such as fish can be
measured directly in the field (Love 1971; Foote et al. 1990;
Sawada et al. 1993). For smaller organisms, direct observation
of TS is generally not possible because it is difficult to resolve
them individually. Thus, TS is theoretically calculated using
physics-based scattering models, often in conjunction with
laboratory-based measurements for verification (Greenlaw
1977; Stanton and Chu 2000; Chu and Wiebe 2005; Lawson
et al. 2006; Lavery et al. 2007; Warren and Wiebe 2008). Such
models allow for the prediction of TS at a range of frequencies,
which is often of substantial value in studies of zooplankton
employing multiple frequencies or broadband (Pieper and
Holliday 1984; Napp et al. 1993; Stanton et al. 1996; Stanton
and Chu 2000; Holliday et al. 2003; Lavery et al. 2007).

Distorted-wave Born approximation (DWBA)-based models
have emerged as the most common approach for TS estima-
tion of weakly scattering zooplankton such as copepods and
krill (Stanton and Chu 2000; Demer and Conti 2005; Calise

and Skaret 2011). Predictions of these models have been
experimentally verified in many instances with laboratory and
field measurements (Stanton et al. 1998; Lawson et al. 2006).
Parameterization is challenging, however, because TS is a com-
plex function of the acoustic frequency as well as the size,
shape, tilt angle, and acoustic material properties of scatterers
(Stanton et al. 1996; Demer and Conti 2005; Lawson et al.
2006; Gastauer et al. 2019). Consequently, TS is often medi-
ated by variability in factors such as size distribution, behav-
ior, temperature, and vertical position and is expected to vary
on a seasonal basis (Lawson et al. 2006; Smith et al. 2012;
Becker and Warren 2014). TS models can be very sensitive to
such variabilities, particularly in the acoustic material proper-
ties (i.e., the contrasts in sound speed (h) and density (g)
between the animal and surrounding seawater) leading to
changes of as much as 20 dB with g less than 10% changes in
these parameters due to changed acoustic impedance (Chu
et al. 2000a; Stanton and Chu 2000).

Given the importance of g and h, the animal’s biochemical
composition is a major factor affecting the TS of an animal
and may undergo great seasonal variability depending on the
ontogenetic stage, body composition, and feeding conditions
(Smith et al. 2010, Becker and Warren 2014). For example,
changes in protein/fat content ratios in overwintering organ-
isms can be significant (Tande 1982; Båmstedt 1988; Hassett
2006), with concomitant effects on acoustic material proper-
ties and scattering (Smith et al. 2010). Lipids are acoustically
important components that are significantly less dense, more
compressible and thermally expandable compared to seawater
and other body tissues such as muscle (Yayanos et al. 1978).
One of the most remarkable cases in terms of lipid content
variability involves the physiological changes in copepods
that perform an ontogenetic migration generally controlled by
season (Melle et al. 2014). Copepods in the genus Calanus
spend a significant portion of their life in a dormancy phase
termed diapause. To do this, they accumulate a large amount
of storage lipids in an oil sac mainly consisting of wax esters,
which they use as an energy source during diapause
(Baumgartner and Tarrant 2017). In C. finmarchicus, the pro-
portion of the oil sac can be as large as 50% of the body vol-
ume (Miller et al. 2000). Changing temperature and pressure
conditions with depth induce conformational changes in the
oil sac lipids as they transition from liquid to solid phase, a
feature potentially used by these copepods to cope with envi-
ronmental changes via buoyancy regulation (Yayanos et al.
1978; Visser and Jónasdóttir 1999; Pond and Tarling 2011).
This conformational change may potentially affect the back-
scattering properties. Overall, however, the effects of ontoge-
netic migrations, changes in lipids with depth, and seasonal
changes in body composition on acoustic material properties
and hence on TS have rarely been considered (Yayanos et al.
1978; Chu et al. 2000b; Knutsen et al. 2001).

The overarching goal of this work lies in understanding the
sources of variability in the backscattering of zooplankton.
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Specifically, we sought to address seasonality in the acoustic
material properties and associated variability in predicted TS
of the northern krill M. norvegica and the copepod
C. finmarchicus. Three different tasks were carried out: (1) to
assess the effect of seasonality on the acoustic material proper-
ties, measurements were conducted on live M. norvegica and
C. finmarchicus in fall and spring, targeting different stages in
C. finmarchicus life history and associated different depths in
their ontogenetic migration. (2) As the lipid content is one of
the main variable factors in body components, measurements
were made of the density and sound speed of commercially
available lipid extract from C. finmarchicus to assess the effects
of temperature and pressure. (3) To understand the extent to
which these parameters affect the acoustic backscattering,
DWBA models were parameterized based on field and lab data
to simulate realistic conditions in depth, temperature, and sea-
sonality on model TS predictions.

Use materials and procedures
Acoustic material property measurements of live animals

Samples were collected from the R/V Tioga on 15 November
2016 and 10 March 2017 at a deep (approximately 260 m)
shelf location in Wilkinson Basin in the western Gulf of Maine
(~ 42�210N; 69�47.60W). Depth-stratified tows were conducted
during daytime with a 1-m2 mouth-opening Multiple Open-
ing/Closing Net and Environmental Sensing System
(MOCNESS), (Wiebe et al. 1985) rigged with five individual
nets with 0.333-mm mesh size and equipped with a strobe
light to mitigate avoidance (Wiebe et al. 2013) as well as
depth, salinity, and temperature sensors. The tows sampled
strata of 0–50, 50–100, 100–150, 150–200, and 200–250 m.
Live animals were immediately sorted and placed into jars that
were previously filled with surface ambient seawater (filtered
with a 63-μm sieve). Individual krill were picked from a sorting
tray using a spoon. Calanus individuals were sorted using
sieves with different mesh sizes (≥ 500 μm). C. finmarchicus
was distinct from the other species, falling in a size fraction
between 2 and 3.5 mm. The samples were then transported to
a cold-room facility, which was preconditioned to the
expected ambient temperature of the sampling location (8�C
in November 2016 and 6�C in March 2017). Total mortality
during transport and storage in the laboratory was less than
10% for both species.

The density and sound speed of live individuals of the two
study species were then measured in the cold room. To keep
the animals at the salinity to which they were accustomed, fil-
tered seawater collected from the surface at the sampling site
was used for all measurements. Below 100 m in November,
the mean salinity was 33.9 PSU with a difference between sur-
face and deeper depths of less than 1 PSU. The upper 50 m in
March had a mean salinity of 33.2 PSU. Laboratory measure-
ments were started within 6 h of field sampling and lasted
2–3 d. When specimen abundance allowed, the entire

collection was split into subgroups to allow replicate measure-
ments. Prior to measurements, samples were further examined
in the cold room and unwanted species and dead specimens
were removed just before the experiments were conducted.

Density contrast measurements
Density contrast measurements were carried out using the

methods described in Chu and Wiebe (2005). This procedure
indirectly infers animal density and volume through a proce-
dure of serial dilutions of the experimental seawater with dis-
tilled water. Measurements were made before and after
dilution of the mass of a known volume of animal/seawater
mixture (with a Mettler Toledo balance with accuracy of
0.05 mg) and of the density of the seawater alone (with an
Anton PAAR 4000 densitometer, accuracy = 3 × 10−5 g cm−3),
from which the density and volume of the animals can be cal-
culated (full details in Chu and Wiebe 2005). The only meth-
odological difference in this work from that of Chu and Wiebe
(2005) was that diluted seawater (density 1.017 g cm−3) was
used as the reference liquid for dilution rather than distilled
water. Use of diluted seawater enabled the animals to survive
longer, hence allowing replication of measurements with the
same batch of animals. In addition, this helped prevent poten-
tial bias due to osmotic pressure changes in the animal tissues
exposed to distilled water. To ensure the stability of the den-
sity of the reference water it was filtered via glass fiber filters
(Whatman GF/F, 0.7 μm) and degassed.

Morphometric measurements also were made from photo-
graphs of the sampled animals calibrated using a micrometer
with a precision of 10 μm and processed using ImageJ (Rueden
et al. 2017). For M. norvegica, the length and width of all indi-
viduals in each sample were measured based on photographs
made in lateral aspect. The average width of each individual
was calculated from 10 evenly distributed vertical cross sec-
tions from the lateral aspect. For C. finmarchicus, measure-
ments were made of a subsample (N = 110) of live individuals,
based on photographs taken under a light microscope from
both the lateral and dorsal aspects with two different magnifi-
cations (20× and 50×). The areas of the oil sac and body were
measured using the polyline tool of ImageJ with a representa-
tive number of vertices (> 50). The ratio of oil-sac volume rela-
tive to the whole-body volume was then approximated as:ffiffiffiffi

A2
A1

q� �3
where A1 = total body area and A2 = volume sac area.

Measurements were done both from dorsal and lateral aspects;
volume proportions were calculated separately for each aspect
and averaged. Prosome length, prosome width, oil sac length,
and oil sac width were also measured for model inputs
described below.

Sound speed contrast measurements
In the laboratory, sound speed contrast measurements were

made following the methods described in Chu et al. (2000a).
The experimental chamber consisted of a tube (length = 22 cm)
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with broadband transducers at each end and a compartment
in the tube center for live animals, separated from the sur-
rounding seawater by a section of mesh to allow exchange of
water (further details and schematic of the chamber are in
Chu et al. 2000a). Acoustic data acquisition was conducted
using an A/D converter (National Instruments Model PXI-
5112) with custom-written LabView software (v 6.1, National
Instruments). The system was programmed to produce chirp
pulses (350–650 kHz) at 1 Hz and a pulse duration of
50 μs. During the measurements, the experimental chamber
was immersed in seawater with ambient temperature/salinity
conditions and kept free of air bubbles. Small holes along the
tube enabled water circulation in the chamber, helping the
removal of air bubbles that were accidentally introduced when
inserting the animals. Specimens were placed into the animal
compartment in very high concentrations. The acoustic travel
time was measured with and without animals in the tube,
enabling calculation of the sound speed contrast. The volumes
of the animals were calculated based on the calculated param-
eters from the density contrast measurements and the volume
fraction was the ratio of the animal volume to the total known
chamber volume (54.62 mL). Further details of the method
and calculations, including the calculation of measurement
uncertainties, are given in Chu and Wiebe (2005).

Properties of C. finmarchicus oil extract
To assess the effect of oil sac storage lipids on TS, the den-

sity and sound speed of copepod lipid extract were measured.
The number of animals sampled in the GOM was not enough
to extract sufficient oil for such measurements and hence a
commercially available C. finmarchicus oil extract (Calanus AS)
was used (Table 1). This extract is produced from a large bulk
sample of C. finmarchicus caught in Norwegian waters and

considered to representative of the average lipid properties of
the C. finmarchicus population in that region in spring. It is
conceivable that the heating (up to 90�C) and other steps
involved in the extraction process may influence the chemical
structure of the lipids, leading to some differences between
the natural lipid structure inside an average animal and the
product. However, the company has found that extraction
achieved in the laboratory by the use of solvents without heat
vs. the industrial production with heat resulted in similar lipid
composition (Calanus AS unpublished data). Furthermore, the
chemical composition of the extracted oil, being rich in wax
ester content (94% of neutral lipids) with a high level of
unsaturation in the fatty acids and fatty alcohols (Table 1), is
similar to what has been reported for wild calanoid copepods
in different areas (Yayanos et al. 1978; Sargent and Falk-
Petersen 1988; Jónasdóttir et al. 2019), suggesting that it is
representative of in situ animals.

To characterize the temperature-dependent compressibility
of the Calanus oil, its density was measured with the same
densitometer previously described, which also allows tempera-
ture control (accuracy = 0.02�C) of the measurement chamber.
Care was taken to prevent the effects of phase-transition, that
is, supercooling (state of having lower crystallization tempera-
ture compared to the equilibrium melting temperature), before
the measurements: the oil was cooled and kept at −3�C (the
lower limit of the densitometer) for 5 h until the density was
fully stabilized. Then measurements were made by increasing
the temperature in increments of 0.5�C, waiting at each step
for ~ 3 h to ensure stability. Before and after the lipid measure-
ments, the densitometer was calibrated with deionized water.

Data acquisition for measurements of the oil extract sound
speed was conducted using the same A/D converter system
described above. The acoustic chamber used for these mea-
surements was also similar to that used for live animals but
was a solid cylinder without any mesh section and with an
internal temperature sensor (accuracy = 0.2�C). The chamber
was housed in a pressure chamber, which was then placed in a
temperature-controlled room (Fig. 1). This allowed sound
speed to be measured relative to both pressure/depth and tem-
perature (unlike density which could be measured relative to
temperature only). Prior to the oil measurements, the acoustic
chamber was calibrated by measuring the speed of sound in
deionized water at atmospheric pressure and temperatures
between 0�C and 21�C in 1�C intervals. During the oil mea-
surement the acoustic chamber was pressurized up to 1000
dbar (i.e., the equivalent of ca. 1000 m in depth; note that all
pressure measurements will be reported in dbar given the
approximate equivalence of 1 dbar and 1 m in depth) and
measurements were conducted every 2.5 dbar decrement back
to atmospheric pressure. These cycles were repeated at 1�C
increments from −2�C to 20�C. The measurement cycles were
repeated twice. After each temperature increment, 6 h resting
time was allowed before pressurization. The effect of adiabatic
heating due to pressure was minor.

Table 1. Specifications of the commercial oil extract from C.
finmarchicus. This oil mixture was produced in August 2016 and
the tests were conducted by Calanus AS on 17 October 2016.

Lipid classes

Neutral lipids >900 mg g−1

Wax esters >850 mg g−1

Fatty acids

Total fatty acids 456 mg g−1

Monounsaturated fatty acids 85 mg g−1

Polyunsaturated fatty acids 234 mg g−1

n-3 fatty acids 215 mg g−1

n-6 fatty acids 14 mg g−1

Fatty alcohols

Total fatty alcohols 309 mg g−1

Monounsaturated fatty alcohols 265 mg g−1

C22:1 n-11 fatty alcohol 139 mg g−1

C20:1 n-9 fatty alcohol 88 mg g−1
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Target strength modeling

Krill
Predictions of krill TS were made with a two-dimensional

(2D) DWBA-based model representing the shape of the animal
as a continuously bent and slightly tapered cylinder (Stanton
et al. 1998). When averaging over a distribution of angles of
orientation that includes broadside incidence, differences
between this simple shape and more sophisticated shape rep-
resentations (e.g., 2-D or 3-D) become negligible (Stanton and
Chu 2000, Lavery et al. 2002). The measurements of acoustic
material properties, length, and length–width ratios made in
fall and spring via this study were used to parameterize the
model to assess seasonal variability. All other model parame-
terizations followed the earlier M. norvegica work of Wiebe
et al. (2013), including a normal distribution of angles of ori-
entation with a mean of 0� (i.e., dorsal or broadside incidence)
and SD of 27�.

C. finmarchicus
A 3D DWBA model was developed to predict copepod TS,

which accounts for the separate scattering contributions from
both the body tissue and lipid content (i.e., internal oil sac)
with coherent summation of the two scattering components
(see Appendix for further details; Matlab code implementing
the model for computing copepod scattering is provided in

the Supplementary Data). For simplification, the body and oil
sac within it were assumed to be prolate spheroids. Orienta-
tion was assumed to be head up with standard Gaussian devia-
tions of 20� in all scenarios (based on the in situ observations
of GOM C. finmarchicus by Benfield et al. 1998). Three differ-
ent scenarios were considered to assess the effect of oil content
and environmental conditions on C. finmarchicus TS.

Scenario 1: Using the conventional model for the copepod
TS, a homogeneous body was assumed using constant g and
h (the fall values measured on live field-sampled animals) and
measured length and width. The differential effect of the oil con-
tent from the rest of the body was neglected in this scenario.

Scenario 2: The effect of the lipid content was tested by sep-
arating the contributions of the oil sac and body. The average
oil sac volume proportion measured for fall conditions was
used to parameterize the shape. The g and h values measured
in the laboratory were used for oil. Because these parameters
were not known for the flesh, density (ρ g cm−3) and sound
speed (c ms−1) were estimated based on the density of the oil,
the density of the animal, and the volume of the oil sac rela-
tive to the body volume. Separation was made linearly using
the formula:

M flesh = Mbody−Moil × voil
� �

= 1−voilð Þ

where M is the material property, calculated for both the ρ

(density) and the c (sound speed), Mbody is the average of ρ or
c measurements for whole animal (in November at 8.6�C), and
voil is the percentage of the oil sac relative to the body volume
(35%). In this test, the differential effect of temperature and
pressure on the lipids was not considered.

In scenario 3, in addition to separating the scattering from
the oil sac and body as in scenario 2, the effect of changing
temperature and pressure was investigated. The equation
above, Moil × voil was modified by including temperature–
pressure specific values as: Moil_t_p × voil_t_p. These parameters
include changing sound speed, density, and expansion/con-
traction due to the effects of pressure and temperature. For the
flesh, g and h were assumed to be constant over the changing
depth. Since density effects relative to pressure were not
directly measured (unlike sound speed), the densities at
increased pressures for the TS modeling were estimated based
on the measured sound speed and the correlation between
lipid density and sound speed (Pearson correlation coefficient
r = +0.99) established at atmospheric pressure.

To demonstrate the implications of temperature and pres-
sure effects for potential in situ conditions, representative
November temperature and sound speed profiles from a
North–South section through the North Eastern Atlantic
Ocean were used in TS modeling (data from the “Global
Ocean 1/12� Physics Analysis and Forecast” data set: http://
marine.copernicus.eu/). The temperature and salinity profiles
from these physical ocean model outputs were interpolated at
a vertical resolution of 5 m. density and sound speed of

Fig. 1. Pressure chamber used for speed of sound measurements of the
Calanus oil extract. System was installed inside a temperature controlled
room. The inner chamber was filled entirely with C. finmarchicus oil and
compensated for temperature–pressure dependent volume changes with
a flexible bladder.
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Fig. 2. Acoustic material properties based on live field-sampled animals (a) krill density contrast, (b) krill sound speed contrast, (c) C. finmarchicus density
contrast, and (d) C. finmarchicus sound speed contrast. Light gray in (a) shows the earlier measurements of Køgeler et al. (1987). Underlined values on the
figures are the averages of that season. The red asterisks mark measurements deemed erroneous and excluded from averages and subsequent TS modeling.

Fig. 3. Size measurements of M. norvegica (a) length and (b) width in November 2016 (fall, n = 182). (c) Length and (d) width in March 2017 (spring,
n = 146). All measurements based on definitions in Simmonds and MacLennan (2008).
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Fig. 4. Left panels show C. finmarchicus oil sac to body volume ratios measured from digital images taken under a dissecting microscope in each of the
two sampled seasons. Calculated mean, median, and maximum percentages are indicated for each season. Middle panels show the length and right
panels show the width distribution.

Fig. 5. (a) Calanus oil extract density as a function of temperature. (b) Two examples for density change during phase transition as a function of time. The phase
transition in the Calanus lipid extract is complex due to differences in the lipid moieties with different transition temperatures and the randomness in crystallization. As
this is a mixture, the phase transition can be observed at different temperatures and initiation of the crystallization and the transition process can occur over different
time scales. See Supplementary data for the observed phase transition in Calanus oil measurements at different temperatures examined as a function of time.
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seawater were calculated using TEOS-10 thermodynamic equa-
tions (McDougall and Barker 2011).

Assessment
Acoustic material property measurements of live animals

A total of 182 individual M. norvegica collected in
November 2016 and 146 collected in March 2017 were used

in the measurements. The majority (> 95%) of the krill were
picked from the nets sampling deeper than 100 m where tem-
perature was 8�C. In November 2016, most C. finmarchicus
specimens were found between 100 m and the bottom
(~ 260 m). In March 2017, most Calanus individuals were
found near the surface, particularly above 50 m where the sea-
water temperature was 6�C.

Live measurements of both M. norvegica and C. finmarchicus
showed increases in density and sound speed contrasts from
fall to spring (Table 2 and Fig. 2). The krill average density con-
trast (g) increased by 0.8% and average sound speed contrast by
0.9%. There was also a slight decrease in the size of krill: 5% in
average length, 8% in average width, and 3.7% in width/length
ratio (seasonal length and width histograms are shown on Fig.
3). Average prosome length and width of the C. finmarchicus
were 2.45 and 0.805 mm respectively in fall, and 2.57 and
0.75 mm in spring (Fig. 4). The average oil sac to body volume
ratio decreased from 35% to 13% (Fig. 4). C. finmarchicus were
almost neutrally buoyant (i.e., a density contrast near unity)
with a small density increase in spring (0.6%). Examining the
separate measurements of each subgroup, only one group in
spring was slightly negatively buoyant, g = 1.0007, while the
remaining groups were positively buoyant in both seasons with
average values of gfall = 0.9913 and gspring = 0.9973. Despite the
small differences in densities, changes in the sound speed con-
trast in the copepods were greater (1.51%) between seasons
(hfall = 1.0467, hspring = 1.053). One of the two copepod sound
speed measurements in spring (1.072) is likely too high to be
realistically explained by seasonality and is probably due to
some form of measurement error. Similarly, the first batch of
the krill measurements in spring samples was deemed errone-
ous and omitted from the model estimations (Table 2).

Fig. 6. Effect of temperature and pressure on oil extract sound velocity.
Sound speed decreased approximately 5 m s−1 for each 1�C of warming.
This linear rate of change can be expressed as, Y = 0.33X + 4.66, where
X is temperature (�C) and Y is the magnitude of the change in sound
speed (m s−1). Note the abrupt decrease in sound speed near 9�C, associ-
ated with the phase transition between liquid and gel forms. See Supple-
mentary data for sound speed measurements relative to temperature at
the full range of pressures examined.

Fig. 7. DWBA model prediction for krill target strength, using parameter values as described in the methods for all parameters but using: (a) a single
length and length-width ratio (taken as the mean length and mean L/W, averaged over all measurements from both seasons) and measured spring g and
h, (b) spring size and spring g and h, (c) mean size (averaged over both seasons as in panel (a)) and fall g and h (d) fall size and fall g and h. These differ-
ent model parameterizations allow the effects of g/h visualized separate from those of size.
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Properties of C. finmarchicus oil extract
Measurements of C. finmarchicus oil extract under different

temperature and pressure conditions showed that the sound
speed contrast of the copepod oil may change more than 10%
over the temperature and pressure ranges that the organism
can be expected to occupy. Density of the oil extract was nega-
tively correlated with temperature (R2 = 0.9998, from −2�C to
12�C, n = 29, residual standard error = 0.001, Fig. 5a). When
the relationship extended to the full temperature range (from
−2�C to 16�C) the correlation coefficient slightly drops
(R2 = 0.9870) due to nonlinear effects of the phase transition.
For measurements made starting at a warm temperature and
decreasing to cold, a transition from liquid to gel phase was
observed at temperatures below 13�C (e.g., Fig. 5b). This pro-
cess lasted a few hours at 6–7�C, many hours at warmer

temperatures (e.g., 14–16 h at 8�C), and more than a day at
even warmer temperatures. Detailed data with plots are given
in the Supplementary data. Therefore, in order to avoid this
supercooling effect of a prolonged phase transition, only mea-
surements made from cold to warm were used.

The speed of sound of the oil extract (CL) was found to be
strongly and negatively correlated with temperature
(e.g., 1605 m s−1 at −1.8�C and 1459 m s−1 at 17.8�C) and
positively correlated with pressure (Fig. 6). The magnitude of
the pressure effect on the sound speed was greater at higher
temperatures. Temperature dependence of speed of sound in
the lipid was also strongly correlated with the density
(Pearson correlation coefficient r = +0.99). These results indi-
cate that at cold and deep conditions (i.e., at the most
extreme levels considered here, temperature = −1.8�C,

Fig. 8. Krill root mean square averages of the predicted TS vs. frequency, averaged over the length and width distributions sampled in each season
(Fig. 3), orientation and using the g and h values measured for each season.

Fig. 9. Three scenarios considered for C. finmarchicus target strength model parameterization. Scenario (1fall): Homogeneous body, (i.e., oil sac not con-
sidered as a separate body component) constant g and h using the November 2016 values and scenario (1spring) using the March 2017 g and h values.
Scenario 2: g and h of oil-sac separated from the flesh g and h, model parameterized for constant pressure = 0 and temperature = 8.6�C. Scenario 3: the
effect of temperature and pressure resolved. (3-a) Typical North-Atlantic C. finmarchicus overwintering habitat with a depth of 680 m and temperature of
4�C and (3-b) deep sub-Arctic conditions with temperature of −0.6�C and salinity of 35 psu at 1000 m.
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pressure = 1000 dbar) the CL reaches 1635 m s−1 which is
faster than the speed in seawater (1481.6 m s−1) by 10.3%
(at salinity = 34 psu) (Fig. 7). The effect of temperature on CL

was found to be greater than the effect of pressure. For exam-
ple, at 500 dbar and within temperature range from 17.8�C

to −1.8�C, the ΔCL is 9.53%. On the other hand, when the
temperature is fixed at 8�C the ΔCL is only 2.26% within the
pressure range from 0 to 1000 dbar. Furthermore, the effect
of pressure was greater at warmer temperatures; for instance,
from 0 to 1000 dbar, the pressure dependent change in CL

Fig. 10. Spatial and depth-related variability of C. finmarchicus TS predicted for a range of pressures and temperature values over a geographical
section of previously collected hydrographic data within its distribution range. Top and middle panels indicate the predicted TS (333 and 750 kHz) down
to 1000 m along the track shown on bottom panel (left to right = south to north). Overlaid contours show the temperature.
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was 28 m s−1 at the temperature of −1.8�C while it was
33 m s−1 at 6�C and 38 m s−1 at 13.4�C.

Target strength modeling

Krill
Krill TS model predictions showed variations because of the

observed seasonal differences in material properties and
length–width ratios. Seasonal changes in mean length and
length–width manifested as shifts in the position of the peaks
and nulls associated with patterns of constructive and destruc-
tive interference at changing frequency. The larger springtime
material properties had the effect of increasing the overall
amplitude by 1.77 dB (median of differences) (Fig. 7). Averag-
ing the TS (in linear space) over the entire size distribution
observed in each season had the effect of smoothing out the
frequency response and de-emphasizing to some extent sea-
sonal differences at frequencies greater than 150 kHz (median
differences = 1.01 dB) (Fig. 8).

C. finmarchicus
TS was modeled under multiple scenarios to assess the

effect of the oil sac and changing pressure/temperature on
scattering (Fig. 9). Scenario 1 employed the conventional
method of DWBA copepod model parameterization assuming
a homogeneous fluid-like body material of constant g and h,
and with an overall ellipsoid body shape. Under the two ver-
sions of this scenario, one with the fall and one with the
spring g/h, the predicted TS frequency response reached a
maximum of −95.8 in fall and −93.01 dB in spring at 720 kHz.
Maximum difference between the spring and fall was 2.90 dB
at 1080 kHz, with spring values being greater (Fig. 10). Sce-
nario 2 considered the scattering from the oil sac as a separate
component within the body at an assumed surface pressure
and a temperature of 8.5�C. In this scenario, the predicted TS
was greater compared to the first scenario, an increasing differ-
ence with increasing frequency reaching to a maximum,
14.92 dB at 1340 kHz. The mean difference between the sce-
nario 1-fall and the scenario 2 over the frequencies from
700 to 4000 kHz was 10.68 dB. In scenario 3, the effects of
temperature and pressure established from the experimental
measurements of oil extract were added to the simulations,
assuming first a typical North Atlantic C. finmarchicus over-
wintering habitat with a depth of 680 m and temperature of
4�C (scenario 3a) and second deep sub-Arctic conditions with
temperature of −0.6�C at 1000 m (scenario 3b) (Fig. 10). The
difference between the scenario 3-a and 3b was small, 0.7 dB
at 720 kHz. Compared to the conditions of scenario 2 (i.e.,
surface pressure and temperature), the combined effect of tem-
perature and pressure on oil g and h (described above) led to
TS predictions similar to scenario 2 in the frequency response
pattern. However, at the lower frequencies before the transi-
tion from Rayleigh to geometric scattering, where the fre-
quency response first rolls over (at 720 kHz), the TS of
scenario 1.7 B was greater than the scenario 2. On the other

hand, with further increase in the frequency, the predictions
from the scenario 2 became greater (e.g., at 1280 kHz, scenario
2 was 1.14 dB greater than the scenario 3b). These changes are
due to the changing lipid properties with temperature and
pressure.

To illustrate the potential consequences of this variability
in material properties in situ, C. finmarchicus TS predictions
were also made accounting for the temperature and pressure
effects on lipid g and h based on a South–North hydro-
graphic section in the Northeast Atlantic, within the species
range. To illustrate potential changes in TS depending on
location and depth TS along the section was examined at
one low (333 kHz) and one high (770 kHz) representative
frequency. At 333 kHz, TS increased in deeper and colder
areas: depending on latitude along the section, TS increased
from 0 to 1000 m by 6.03 dB (Fig. 10) and at 770 kHz,
11.97 dB. At ca. 1000 km along the section, a shoaling of
temperature contours associated with entering a subpolar
gyre region is evident. Predicted C. finmarchicus TS at similar
depths on either side of this front differed by up to 2 dB at
333 kHz and 3 dB at 770 kHz.

Discussion
In this study, we provide quantitative data on seasonal

changes in acoustic material properties of two dominant zoo-
plankton species of the Gulf of Maine, the northern krill
M. norvegica and the copepod C. finmarchicus. Laboratory mea-
surements showed an increase in the density and sound speed
contrast of both species from fall to spring, along with a pro-
nounced reduction in oil sac size of C. finmarchicus and slight
decrease in body width of M. norvegica. Such seasonal change
in the body conditions of zooplankton is a known factor
closely associated with life history adaptations in response
to environmental conditions (Varpe 2012). Furthermore,
accounting for presence of lipid sac as a separate component
has an important effect in the predicted TS. The different
models assuming homogeneous (scenario 1) and inhomoge-
neous (scenario 2) body structure predicted different TS values
by greater than 10 dB. Acoustic backscattering model simula-
tions also showed that the changes in biochemical composi-
tion may affect TS by 1–1.7 dB in krill and more than 2.9 dB
in copepods depending on seasonal variabilities, notably
including for the copepod oil sac lipid accumulation and
changes in depth distribution associated with ontogenetic
periods of dormancy. These differences in TS would corre-
spond to differences in abundance estimates of 31% in krill
and 95% in C. finmarchicus. Knowledge of lipid acoustic prop-
erties and the seasonality may hence improve the reliability of
acoustically estimated abundance of these species via
improved parameterization of TS models. Variability in g and
h for similar copepod and krill species has also been observed
in other ecosystems (Køgeler et al. 1987; Smith et al. 2012;
Becker and Warren 2014), in some cases with different likely
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environmental underpinnings driving such differences. In the
present study, regarding the copepods, the underlying factor
for seasonal differences in material properties lies in lipid stor-
age controlled by ontogeny and diapause.

Krill
Increasing density contrast for M. norvegica from fall to

spring in the measurements is consistent with the findings of
Køgeler et al. (1987) for the same species from the eastern
North Atlantic (Fig. 2); a similar increasing trend was also
observed by that earlier study for two other euphausiid species
as well (Thysanoessa raschii and Thysanoessa inermis). Smith
et al. (2010) also demonstrated variability in the density con-
trast of euphausiids associated with geographic location, sea-
son, depth and temperature, although the dominant source of
variability could not be singled out. In the case of this work,
the depth, location, salinity, and the water temperature of the
collected specimens of M. norvegica were similar in both sea-
sons (100–250 m, and ~ 8�C) mostly ruling out the effects of
environmental conditions on the physiology other than the
season. However, it is worth mentioning that the measure-
ment temperature was ~ 8�C in fall and was adjusted to ~ 6�C
in spring (to account for the ambient temperature experienced
by the copepods), which may have had an effect on the mea-
surements for the M. norvegica. In an environment where tem-
perature and salinity characteristics are similar, the temporal
variability of the biochemical composition within the animal’s
body can potentially be explained by life history, reproduction
or overwintering biology of the species (Lee et al. 2006).
Køgeler et al. (1987) suggested that changes in the lipid con-
tent may be the main factor controlling the observed changes
in density. The data obtained here further support this inter-
pretation. Although lipid content measurements could not be
carried out in this study for the M. norvegica, the shrinkage in
body width and the increase in sound speed and density con-
trasts seem consistent with a decrease in the lipid content,
likely associated with low food conditions during the over-
wintering period preceding the spring measurements made
here (e.g., due to food availability, as assessed via Chl
a concentration as a proxy, Smith et al. 2010). The model sim-
ulations informed by these laboratory measurements showed
that the seasonal changes in g and h impacted predicted TS by
as much as 3 dB, depending on frequency. This seasonal vari-
ability in TS thus has important implications to the accuracy
of acoustical abundance estimates and should be considered
in acoustic surveys for krill.

C. finmarchicus
The overall magnitudes of the measured density values for

C. finmarchicus and the slightly increasing trend in g from fall
to spring are also in agreement with previous studies on the
same species conducted at the higher latitudes of the North-
east Atlantic (Køgeler et al. 1987; Knutsen et al. 2001). Other
studies from the North Pacific on large Neocalanus copepods

also found g values in a similar range (Matsukura et al. 2009;
Smith et al. 2010). The low g values for calanoid copepods rel-
ative to other zooplankton, reaching close to neutral buoy-
ancy before overwintering, are generally explained by the
hypothesis that the lipid content and composition are part of
a buoyancy regulation strategy (Visser and Jónasdóttir 1999;
Campbell and Dower 2003; Pond 2012).

Measurement errors
Natural variability among specimens and measurement

error associated with the limits of the equipment employed
constitute the main sources of uncertainty in the measure-
ments. Uncertainties related to the accuracy range of the
instruments used at different stages of the experiments
(i.e., densitometer, balance, and the experimental chamber)
were calculated following previously established methods
(Chu and Wiebe 2005). The resulting range of uncertainties
and potential minimum and maximum h values suggest that
most of the measurements were reasonably well bounded
(Table 2) but also highlight that h calculations were sensitive
to the volume fraction (i.e., the ratio of the volume of animals
in the experimental chamber to total chamber volume) and
measurements made with lower volume fractions were more
uncertain. Unfortunately, as in previous work (e.g., Chu and
Wiebe 2005), full uncertainty estimation (encompassing natu-
ral variability and measurement error) could not be provided
with statistically meaningful error estimates (such as SD or
95% confidence intervals) due to the limited number of speci-
men subgroups sampled and limited number of replications
per sample. The main reason for the present measurements
being limited to 1–2 replicates is the limited time period in
which animals can remain in the condition that is representa-
tive of their in situ condition. In terms of the limited number
of subgroups sampled, the methodology required the use of as
many individuals as possible at a time to adequately fill the
animal compartment during both density and sound speed
measurements, limiting the number of subgroups that could
be measured based on the achieved net catches.

Effect of lipid content on acoustic properties of
C. finmarchicus

The effect of changing temperature and pressure on thermo-
dynamic properties is different for lipids than for seawater and
other non-fatty body tissues (Bamber and Hill 1979). While the
speed of sound in lipids has a negative temperature coefficient,
it is positive for water, resulting in an increased contrast, h,
between the two with decreasing temperature (McClatchie and
Ye 2000, and see present results). In addition, as lipids are more
compressible than seawater, increasing pressure also adds to h.
Chu et al. (2000b) looked at the in situ variability in h by lower-
ing to 200 m a sound–speed measurement apparatus filled with
copepods and observed an increase in h with increasing depth,
with a sharp change at the thermocline. In the present work
these lipid-dependent changes in h are explicitly documented
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in laboratory conditions using copepod lipid extract. The influ-
ence of temperature and pressure on lipid acoustic properties
has been of interest for other marine organisms, such as orange
roughy (Kloser and Horne 2003; McClatchie and Ye 2000) and
sperm whales (Goold et al. 1996), where similar methods have
been used to understand these effects but different responses
were observed. For instance, McClatchie and Ye (2000) found
an increase in orange roughy sound speed of ~ 35 m s−1 at tem-
peratures from 6�C to 13.5�C at atmospheric pressure while
measurements in this work showed an increase of 80.9 m s−1

over a similar temperature range. In a study of spermaceti oil
extract from Kogia sigma (dwarf sperm whale), Goold and
Clarke (2000) found substantial differences of as much as
274 m s−1 between temperatures of 7�C and 38�C and pressures
of 0 to 900 dbar, with additional differences between different
sections of the skull. Although the lipid extracts in these differ-
ent studies are similarly rich in wax esters, their thermody-
namic ranges are different most likely due to the fatty acid
composition and level of saturation. Therefore, it seems prefera-
ble to use taxon-specific values when available in parameteriz-
ing acoustic scattering models.

Implications for copepod TS and model predictions
The present results show that the acoustic properties of a

fluid-like organism with a large lipid content such as
C. finmarchicus will vary to a large extent with temperature
and to a relatively smaller extent with pressure. The model
predictions then showed that the lipid content (more specifi-
cally the oil sac volume percentage) and the dependence of
the lipid’s acoustic properties on the environment are major
determinants of the copepod TS and need to be incorporated
into predictions. Due to changes in lipid sound speed with
temperature and pressure, larger TS is expected in deeper/col-
der waters. As such there is likely a substantial latitudinal vari-
ation in TS towards the colder northern regions as
investigated with by the typical temperature and salinity pro-
files for the northeast Atlantic Ocean. Although this is an
extrapolation without field investigations, it is arguably illus-
trative for the potential effects of temperature and pressure
conditions.

In an inhomogeneous body structure like calanoid cope-
pods where the lipid is not distributed homogenously in the
body but has two volumetric regions with distinct acoustic
properties (i.e., body tissue and oil sac), there is a significant
difference in backscattering compared with that from a homo-
geneous body. In this work, we used a 3D model that accounts
for oil sac volume by using a practical photographic method
and an assumption that simplifies the geometry of the cope-
pod and oil sac to a prolate spheroid, taking the lipid sac area
as a proxy for the lipid content as suggested by Vogedes et al.
(2010). Separating the oil sac and body then allows the mate-
rial properties of each body compartment to be considered
separately, and the effects of temperature and pressure on lipid
properties to be accounted for explicitly. This improvement in

TS estimation, accounting for temperature and depth, is likely
particularly important for the quantitative observations of
deep-dwelling overwintering populations of Calanus copepods
using acoustic methods (Lavery et al. 2007).
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APPENDIX: THREE-DIMENSIONAL DWBA-BASED
COPEPOD SCATTERING MODEL ACCOUNTING FOR

LIPID CONTENT (I.E., INTERNAL OIL SAC)
The backscattering of a whole copepod (body flesh + oil

sac) can be approximated by the volume integration based on
the DWBA:

f DWBA
bs =

k21
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_

sγk v0ð Þ
h i
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_

i −k
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� �
r0dv0 ðA1Þ

Fig. A1 Shape representation and scattering geometry employed in the 3D DWBA copepod scattering model, where the lipid content of the oil sac
(pale shaded area) is explicitly considered separate from the rest of the body. Shapes of both the body and oil sac are assumed to be spheroidal.
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where k1 is the wave number in medium 1 (surrounding

water), r0 is the position inside the scatterer, and k
_

i and k
_

s

are unit vectors of the incident and scattered wavenumbers,
respectively.

Note that because of inhomogeneity inside the volume,
v0, the parameters wave number, ke, sound speed contrast,
h, relative differences of compressibility and density, γk and
γk, respectively, are all functions of positions inside the inte-
gration volume, v0. Equation (A1) can be expressed as an
integral over two homogenous regions, body flesh, and
lipid:

f DWBA
bs =

ð
vflesh

H v0ð Þdv0 +
ð

vlipid

H v0ð Þdv0

=
ð

vfleshouter

H v0ð Þdv0−
ð

vfleshinner
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vlipid
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ðA2Þ

where

H v0ð Þ= k21
4π

h2 v0ð Þγk v0ð Þ+ki
! �ks

!
γg v0ð Þ

h i
: ðA3Þ

The three volume integrals in Eq. (A2) are over respective
prolate spheroids depicted in Fig. A1. Assuming a prolate sphe-
roidal lipid content, or oil sac, inside the copepod body
(Fig. A1), and body flesh and lipid regions are homogeneous,
it can be proved that Eq. (A2) can be expressed as

f DWBA
bs =
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Fig. A2 Example showing the effects of different body components of the copepod in the TS model. The interactions between different boundaries, that
is, interfaces of outer and inner prolate spheroids, shown as peaks and nulls. Contribution of the lipid sac is demonstrated as green continuous line.

Fig. A3 Effect of the orientation and the length distribution on the predicted frequency response. The P1, with strong peaks and nulls, is an example
without incorporating the effect of length distribution and angle of orientation. P2 shows the effect of averaging applied over a lengths distribution, and
P3 shows the prediction with both length and angle of orientation distributions are incorporated.
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where subscripts “f” and “lipid” (or oil sac) corresponding
material properties associated with the body flesh and lipid of
the copepod, respectively. With g and h representing density
and sound speed contrasts, we have

k f = k1=h f ,klipid = k1=hlipid,e f =
2r f
L

,elipid =
2rlipid
L

and

γk f
−γρ f

=
1−g f h

2
f

g f h
2
f

−
g f −1

g f
,γklipid −γρlipid =

1−glipidh
2
lipid

glipidh
2
lipid

−
g lipid−1

glipid

The first two terms of Eq. (A4) are the contribution from
the flesh while the last term is from the lipid. Note that θ = 0
corresponds to end-on incidence and θ = 90� corresponds to
broadside incidence (Fig. A1). Note that the result given by
Eq. (A4) is the exact solution from Eq. (A1), which is based on
the DWBA, as long as the body flesh and lipid regions are
homogeneous. The interactions between different boundaries,
that is, interfaces of outer and inner prolate spheroids, are
automatically included, shown as peaks and nulls in Fig. A2.
Fig. A3 shows the nonaveraged TS plot with peaks and nulls
vs. averaged over angle of orientations and length distribu-
tion. The plot shows that there are strong nulls when consid-
ering individual realizations but those get averaged out when
considering averages over a distribution of orientations/

lengths (as is done for the main paper). The average TS is aver-
aged incoherently over angle of orientation and animal size
(length):

<TS> θ,L =10log10 σDWBA
bs

� �
θ,L =10log10 f DWBA

bs

			 			2
 �
θ,L

ðA5Þ
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