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Rapid predator-prey balance shift follows
critical-population-density transmission
between cod (Gadus morhua) and capelin
(Mallotus villosus)
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Sensing limitations have impeded knowledge about how individual predator-prey interactions build to
organized multi-species group behaviour across an ecosystem. Population densities of overlapping
interacting oceanic fish predator and prey species, however, can be instantaneously distinguished
and quantified from roughly the elemental individual to spatial scales spanning thousands of square
kilometres by wide-area multispectral underwater-acoustic sensing, as shown here. This enables
fundamental mechanisms behind large-scale ordered predator-prey interactions to be investigated.
Critical population densities that transition random individual behaviour to ordered group behaviour
are found to rapidly propagate to form vast adversarial prey and predator shoals of capelin and
surrounding cod in the Barents Sea Arctic ecosystem for these keystone species. This leads to a
sudden major shift in predator-prey balance. Only a small change in local behaviour triggers the shift
due to an unstable equilibrium. Such unstable equilibria and associated balance shifts at predation
hotspots are often overlooked as blind spots in present ocean ecosystemmonitoring and assessment
due to use of highly undersampled spatio-temporal sampling methods.

Seasonal spawning migration of capelin (Mallotus villosus) from offshore
waters of the Barents Sea to the Norwegian coast precedes heavy predation
by Atlantic cod (Gadus morhua), their primary predator, on or close to
capelin spawning grounds near Finnmark1,2. A mixture of large immature
cod and maturing cod migrate to the coast to feed on capelin before the
mature cod continue their migration to the more southerly cod spawning
grounds at Lofoten. This setting created by the spatial overlap between
capelin and cod populations inhabiting the Northeast Atlantic in
February–March every year is an ideal hotspot for studying large-scale
predator-prey interactions. Similar hotspots have been identified in other
Arctic ecosystems3,4, but such hotspots are largely unexplored features in
marine ecosystems with potential importance for management5.

We employ Ocean Acoustic Waveguide Remote Sensing
(OAWRS)6–11, with a significant multi-spectral adaptation, to quantify cod-
capelin interactions from the near individual to scales spanning many tens
of kilometres. Themulti-spectral adaptation employs sensing frequencies at
or near fish swimbladder resonance where the large differences across fish
species are discernible and long-range ocean acoustic waveguide propaga-
tion is possible. This subsequently enables the population density of

overlapping cod and capelin fields to be instantaneously distinguished with
high resolution over thousands of square kilometres at all pixels in an
Eulerian frame and then monitored with minute-to-minute updates. In
contrast, conventional methods survey each species separately following a
Lagrangian track along widely spaced line transects, traversed by a slowly
moving research vessel with areal sampling rate roughly one million times
lower than the method used here6. The independent acoustic line transect
surveys for predator and prey in conventional approaches are then analysed
to infer highly averaged parameters of the potential interactions without
direct measurement of the interactions12–14.

Themuch higher sampling rate and intrinsically Eulerian frame of the
sensing method used here enables dynamic interactions between predator
and prey to be directly sensed over wide areas with high resolution in space
and time. It also enables directwide-areameasurementof thepropagationof
critical population density, which is a fundamental threshold in animal
group behaviour6,11,15–17. Critical density occurs when spheres of perception
overlap and lead to a chain reaction where individuals take on the mean
behaviour of similar entities they sense. Random individual motion then
transitions to ordered group behaviour and population density rapidly
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increases15. The critical density transition from disorder to order has been
shown to occur within species6,16,17 and to lead to the formation of vast
spawning shoals6,11, but has not been previously found to simultaneously
propagate across species over wide areas, which is the focus of this study.

Critical population density has also not been previously linked to
unstable equilibria that yield shifts in predator-prey balance as found here.
Familiar natural examples of unstable equilibria, where small local changes
lead to large and sudden transfers of energy and state, include avalanches,
earthquakes, volcanic eruptions and forestfires, all ofwhichare governed by
physical laws18–20. In large natural ecosystems that occupymost of the earth’s
surface and ocean volume, however, the ordered behavioural mechanisms
governing unstable equilibria between interacting predators and prey
populations typically remain elusive due to sensing limitations21–25. It is
through these unstable equilibria, however, that ocean ecosystems are likely
extremely vulnerable to the increasing stresses of overexploitation, climate
change and ocean industrialization. Reduction of population densities from
these stresses will eventually curtail the critical density processes described
here. The extended time needed to rebuild depleted oceanic stocks is likely
also related to the time it takes to re-establish population density-dependent
behavioural processes of the kind observed here.

It is the goal of this paper to quantify population density-dependent
mechanisms governing behavioural processes within and across species.
With this information, we aim to describe the dynamics of predator-prey
interaction at predation hotspots, and to specifically estimate cod predation
on capelin at and around capelin spawning grounds.

Results
Ordered group behaviour rapidly propagates between cod pre-
dators and capelin prey on attaining respective critical popula-
tion densities
During the capelin spawning season, diffuse low density capelin (Fig. 1a(i))
and sporadic clusters of large cod (Fig. 1b(i)) were found along the capelin’s
migration route from the ice-edge to their traditional spawning ground2

along Finnmark, Norway, on February 27, 2014within tens of kilometres of
the coast (Fig. 2a). Capelin population densities remained stable until a
critical population density was attained, roughly 10minutes after the onset
of dawn twilight (Fig. 3a). Capelin population density in specific locations
then rapidly increased (Fig. 3a) and propagated horizontally as density
waves, faster than the capelin swimming speed (Fig. 4a), to form dense
lineated shoals together stretching for over 10 km. Outside the shoals,

capelin population density remained low and stable indicating no change
from disordered to ordered group behaviour (Fig. 1a(i–iii), Supplementary
Data 1). The shoals proceeded to coherently migrate normal to their axes at
roughly 0.15m/s in accord with expected capelin swimming speeds. Such
behaviour has not been previously documented nor quantified in capelin,
but has been observed in other fish species6. Coherent migration in shoals
has been demonstrated to be energy saving26 and provides a significant
group behavioural advantage. With this, capelin likely employ established
correlated group hydrodynamic flow mechanisms to swim efficiently
enough to traverse the great distancesnecessary to accomplish their essential
migration from ice-edge feeding to coastal spawning grounds. At the onset
of shoal formation at twilight’s dawn, capelin began to slowly descend from
their shallow night layer within 50-m of the sea surface (Fig. 2c). The shoal
increased in density as it descended towards the seafloor (Figs. 1a, 3a),
possibly in search of appropriate spawning locations or necessary pre-
spawning conditions, or possibly to avoid being seen more readily by pre-
dators in the emerging near surface light.

The instantaneously imaged dense capelin shoals are estimated to
contain roughly 23 million individuals and weigh 414 tons (Fig. 1a(ii)),
roughly 0.1% of the Barents Sea capelin spawning stock ( ~ 500000 tons27)
with roughly 68.5 million in the entire region of Fig. 1a(ii), before entering
the predatory cod layer. The capelin shoals are defined by regions where
population density is above the critical density of 1.4 capelin/m2, which is
roughly three times higher than the mean capelin density in the diffuse
regions outside the shoal boundaries. The highest concentrations ranged
from 20 to 30 capelin/m2 in the interior of the shoals at multiple population
centres, consistent with expected shoaling densities28. The capelin critical
density scales roughly in inverse proportion to fish-length-squared when
compared with findings from other species, as expected6,11,29,30. There is an
offset percentage error in our capelin population estimates of ±25% due to
statistical variation in capelin length (Methods),which isnot large enough to
affect the analysis and conclusions.

At dawn cod attained critical population density transitioning from
unorganized individual to ordered group behaviour with rapidly increasing
population density (Fig. 3b). The inception locations were coincident with
the forming capelin shoal. From these inception locations both capelin and
cod shoals rapidly propagated outward over large areas, a cross-species
phenomenon not previously observed. This began at a time indistinguish-
able from that of the capelin attaining critical population density (Fig. 3,
SupplementaryData2). So, it is unclear if the codor capelin transitionedfirst

Fig. 1 | Instantaneous wide area population den-
sity images of overlapping species showing tran-
sition from random individual behaviour to
ordered adversarial group behaviour in rapid
formation and propagation of capelin prey and
engulfing cod predator shoals. aCapelin and b cod
population density measured with multi-spectral
ocean-acoustic-waveguide remote sensing5,6 show-
ing diffuse randomly moving predawn capelin a(i)
and cod b(i) near capelin spawning grounds, Finn-
mark Norway. a(ii) Coherently migrating lineated
capelin shoals abruptly form at dawn that b(ii)
simultaneously forming cod shoals begin to engulf.
a(iii) Surviving capelin when b(iii) measured vast
engulfing cod shoal is fully formed.
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or if both transitioned simultaneously at these initial locations. While
change in light level appears to have been the trigger, critical population
density was transmitted across species and led to the simultaneous or nearly
simultaneous inception and subsequent propagation of rapidly forming
capelin and engulfing cod shoals (Fig. 1bii–iii). Cod shoal formation, like
that of the capelin shoals, propagated as density waves travelling faster than
the constituent fish can swim (Fig. 4b).

Catch samples from the survey region confirmed the predatory nature
of the engulfing cod in that all cod caught hadnumerous capelinwithin their
digestive system. Cod, as visual predators, are expected to feed in the per-
iphery of shoals, as is consistent with our echogram data (Fig. 2c). Hunting
by shoals of predators is considered to be more efficient than hunting by
individuals, since a predatory shoal is able to break a prey shoal, releasing
individuals that become easy targets for predation31. These individuals that
are not able to find the safest position in shoal likely belong to the weaker
component of the shoal, in accordancewith the selfishherd theory32. Critical
density for the cod shoal was found to be 0.06 cod/m2, again roughly scaling
in inverse proportion to fish length squared when compared to that found
for capelin here andAtlantic herring andmature cod previously6,11. The size
of the cod shoal, above cod critical density, engulfing the capelin shoal
continued to steadily increase in size as a propagating wave through pre-
viously diffuse cod at a speed much faster than cod swim even after the

capelin shoal reached the seafloor (Fig. 4b, Supplementary Data 3). Besides
the benefit of increased visibility as dawn progressed, cod convergence may
have been facilitated by intentional or accidental acoustic signalling, since
cod are known to produce low frequency sound33. We studied the
potential impact of other swimbladder-bearing fish in the analysis of our
acoustic data. Based on information of density distributions, behavioural
characteristics and swimbladder sizes of other species including haddock,
herring, blue whiting and Sebastes, as observed by the simultaneous
winter survey34, and OAWRS scattering analysis with mixed species9, the
error in our cod population density estimates from potential con-
tamination from species other than cod is found to be less 10%
(Methods).

Local behavioural changes lead to vast predator-prey
balance shift
An abrupt increase in areal consumption rate of capelin by cod occurs in
the capelin shoal (Fig. 5a–c). A similarly abrupt change in predator-to-
prey balance occurs in the capelin shoal (Fig. 5d). As the population
density of cod engulfing the capelin shoals rapidly increases, the esti-
mated number of capelin consumed rapidly increases (Fig. 5, Supple-
mentary Data 4). Total population of cod above critical population
density of 0.06 fish/m2 rises to roughly 2.5 million in the imaged area.

Fig. 2 | Ocean Acoustic Waveguide Remote Sen-
sing (OAWRS) instantaneous areal coverage in a
region with spatially overlapping capelin and cod
populations. a Bathymetry near Nordkapp, Finn-
mark. Yellow circle marks areal coverage in 50 s of
ocean-acoustic-waveguide remote sensing system
on RV Knorr, whose location at 5:35 CET corre-
sponds to coordinate origin (71.2944o North,
25.7193o East) in Fig. 1a, b. Red box indicates
boundaries of Fig. 1a, b zoom on adversarial shoals.
b OAWRS physical setup on RV Knorr towing the
source and receiver arrays. c Echogram shows pre-
dawn capelin are near sea surface with individual
widely spaced cod beneath them. Shortly after dawn
twilight (04:39 CET) capelin slowly descend towards
seafloor through depths inhabited by cod who are
visual predators. Capelin arrive at seafloor near
sunrise (07:00 CET). Conventional echogram from
RV Knorr depth-sounder showing multispecies
volume backscattering strength, SV

73.

Fig. 3 | Quantifying critical population density
transition from random individual to organized
group behaviour as it rapidly propagates within
and across prey and predator fields. a,b Population
densities versus time from multi-spectral ocean
acoustic waveguide remote sensing data. Population
density is temporally stable for both a capelin
and b cod before dawn twilight (04:39 CET). Just
after twilight dawn both a capelin and b cod popu-
lation densities rapidly increase after respective
critical thresholds are attained at inception region
a centred at (−1.57, 6.10) for capelin and b centred
at (−1.83, 5.88) for cod in Fig. 1 coordinates, each
spanning 200 × 200 m2. Critical population density
then rapidly spreads from inception regions to form
the vast dense shoals of Fig. 1, a(ii,iii), b(ii,iii).
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Statistical variation in cod length may result in a possible offset in cod
population estimates of ±18% (Methods). Within approximately 4 hours
of the capelin attaining critical population density, cod are estimated to
consume roughly 10.6 million shoaling capelin with an areal consump-
tion rate of 3.32million-capelin/km2. This amounts to a total con-
sumption by cod of approximately 0.1-0.2% of the Barents Sea capelin
stock27 in 4 hours in the capelin shoal.

Our consumption estimates showcapelin in thehighest density regions
have the highest survival rates (Fig. 5a–c). At an enormous scale, this is
consistent with observations at much smaller scales that prey within dense
groups tend to be at less risk than those in diffuse groups35–37. Packing in
shoaling fish inhibits predation by visual feeders at daylight38. It is possible
that such defensive response to cod predation caused formation of the
capelin shoal which in turn attracted more cod predators, and the two

Fig. 4 | Correlated growth in capelin and cod
shoals. Area a and length b of the shoal forming
above critical density (1.4 capelin/m2) for capelin
and above critical density (0.06 cod/m2) for cod.
Each shoal propagates with density waves at indi-
cated rates at least an order of magnitude faster than
the constituent fish can swim.

Fig. 5 | Small local behavioural changes rapidly
propagate into adversarial shoal engagement that
abruptly alters predator-prey balance of tens of
millions of keystone Arctic fish within hours.
Estimated population density of capelin consumed
a one hour after dawn twilight during the rapid
formation of interacting capelin and cod shoals
(Figs. 1–4); and b at sunrise (Fig. 1c) when cod shoal
population density reaches a peak (Figs. 1–4). Time
series of c the number of capelin consumed per unit
area, percent capelin survived in capelin shoal, and
d capelin-to-cod population ratio. Predator-prey
balance is drastically altered in capelin shoal.
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correlated processes propagated widely as critical density waves from local
inceptions. Such a dynamic process will filter individual capelin that are
unable to join the shoal in time, and so enhance survival of the best fit
shoaling capelin. The cod in turn thrive through harvesting of capelin less
able to complete an energy demanding spawning, and so support a robust
ecosystem.

It is also possible that the capelin shoals formed for other reasons such
as more efficient migration or group spawning processes, which then also
attractedmore cod predators and set off the chain reaction of the cod shoal
growing in tandem with the capelin shoal. Such group behaviour during
spawning highly increases mate-encounter rate which leads to improved
mate choice and increased egg fertilization rates as well as time-space
alignment to enable synchronized spawning, as has been pointed out for
other fish species11. When near the bottom, capelin groups possibly also
search for seafloor substrates appropriate for spawning. It has been sug-
gested that lineation of migrating groups improves sensing of environ-
mental cues39.

Discussion
Migrating oceanic fish constitute the world’s most productive harvested
stocks. They exhibit swarming behaviour, survive via afine-tuned predator-
prey balance where decisive interactions often occur at hotspots of limited
spatial extent3–5. While the importance of predator-prey interaction is
typically known from stomach content studies, the actual behavioural
interaction dynamics during predation is not fully understood.

Northeast Arctic cod and capelin are prime examples of abundant,
long-migrating, swarming oceanic fish stocks. Our results describe and
quantify key processes governing interactions between these species. The
groupbehavioural processeswithin and across these species and the balance
shift at a predationhotspot that follows appear to be essential in the function
of this Arctic marine environment. They may also be important for other
large ecosystems given the generality of underlying instability
mechanisms6,11. We show that such processes may dramatically impact the
abundance of the prey population, as has been demonstrated in other areas
with different methods4. Sudden balance shifts may have the potential to
affect the stability of an ecosystem already facing anthropogenic and global
warming stresses. Climate change, recruitment predation40 and fisheries
management failures41–43 in the past have triggered the collapse in capelin
stock in the Barents Sea, including also the immense capelin and northern
cod populations of Canada’s Grand Banks, once unparalleled in size and
importance but still not recovered after 30 years, as well as other similar
collapses44,45. Lack of capelin may have catastrophic effect on many
higher trophic predators, including marine mammals, larger fish, and sea
birds, as has been described in the past40. Cod predation prevents
excessive food competition among capelin that could compromise their
spawning ability given the large distances and high energy reserves
required to migrate from their distant ice-edge feeding grounds to coastal
Barents Sea spawning grounds, in accord with arms race46 and selfish
herd32 concepts. Synoptic sensingmethod such as that employed here can
provide new data with sufficiently high spatial and temporal sampling to
resolve essential ecosystem processes and aid ocean ecosystem mon-
itoring and modelling. Over time, when proper validation has been
completed, we expect this information will be included in resource
assessment and management.

Development and implementation of synoptic sensing techniqueswith
sufficient resolution to monitor cross-species interaction enables better
assessment of the mechanisms governing group behavioural processes at
multiple scales21. Predator-prey interaction between capelin and cod40 with
spatial inhomogeneity and temporal variability resulting from dynamic
behavioural processes typically associated with predatory hotspots would
likely have been missed by conventional survey methods, leading to fun-
damental knowledge gaps about the presence, causes and propagation of
unstable phenomena in this and other important marine environments3,4.
While the Barents Sea has among the most extensive conventional line-
transect surveys of oceanic fish in the world47, their temporo-spatial

sampling is many orders of magnitude below that necessary to indepen-
dently resolve the wide-area ordered group behavioural mechanisms gov-
erning theunstable equilibria and rapid shift in predator-prey balance found
here. This is because the synoptic sensing method used here samples at an
areal rate many orders of magnitude larger than conventional acoustic line
transect methods7,48.

The fine-tuned competitive relationship between cod and capelin in
the Barents Sea, evident in our data, has enabled them both to thrive under
challenging environmental conditions in a habitat that supports few species.
It involves unstable equilibria in the transition from random to ordered
group behaviour between the two species that yieldmajor shifts in predator-
prey balance (Fig. 5).Warming from climate change pushes the biologically
productive polar front further to the north49 so extending the distance
between coastal spawning and ice-edge feeding areas for both cod and
capelin. Both species must adapt to these changes to maintain the ecosys-
tem’s stability. Determining the mechanisms governing marine hotspots,
formed by the convergence of interacting populations of different species, as
observed here, are prerequisite to establishing management priorities50. We
show that this is achievable by large-scale high-resolution quantitative
observation andmonitoring of interactions between key species in anArctic
marine hotspot.

While our results are based on a relatively small set of observations,
they nevertheless reveal previously unobserved predator-prey interactions
over wide areas, and clearly demonstrate the limitations of conventional
monitoring strategies to observe and quantify such basic ecosystem pro-
cesses. Broadband acoustic technologies atmuchhigher frequencies that are
well above swimbladder resonance, and exceed 90,000Hz where attenua-
tion in seawater imposes significant sensing range limitation, have
demonstrated capability in studying species interactions but atmany orders
of magnitude smaller scale than the OAWRS system51.We have shown that
the formation of vast, dense and spatially discrete behavioural groups of
interacting predator and prey occurs by spatially and temporally coincident
propagation of critical population density across species. The large-scale
group formation observed by OARWS is triggered by changing light con-
ditions when prey become more susceptible to visual predators. The for-
mation of spatially discrete prey behavioural groups when under attack by
swarming predators, as observed here over large scales, is advantageous
following group behavioural principles well-established at much smaller
scales in fish35. Species interaction studies for various areas and time periods
using OAWRS could facilitate a new and better understanding of the
function of large marine ecosystems as well as supporting quantification of
key processes in the assessment and management of marine resources over
wide areas. The dynamics between species at ecological hotspots are crucial
for the function of marine ecosystems3,4. If interaction dynamics within
hotspots are as important as recent work suggests3–5,52,53, the approach
presented here is well-suited to resolve and quantify such cross-species
behavioural processes.

Methods
Scattering strength frommeasured ocean-acoustic-waveguide
remote sensing images
The findings were made possible by imaging of environmental scattering
strength that were instantaneously made with ocean-acoustic-waveguide
remote sensing over a 75-kmdiameter region and updated every 50 seconds
in a multi-spectral adaptation of Ocean Acoustic Waveguide Remote Sen-
sing (OAWRS).TheOAWRSsystemconsistedof a vertical source array and
ahorizontal receiver array inmonostatic arrangement towedby the research
vessel Knorr near Finnmark, Norway during February-March 2014
(Fig. 2b). Active source transmissions from the vertical array consisting of
eight connected acoustic elements, deployed at depths 60–70m below sea-
surface, are scattered by inhomogeneities in themediumand are received by
the horizontal receiver array, towed at depths between 60 and 70m. The
receiver array is made up of three sub-arrays: low frequency aperture, mid
frequency aperture and high frequency aperture, each consisting of 64
equally spaced hydrophones with respective hydrophone spacing of 1.5 m,
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0.75m and 0.375m. Wide-area instantaneous OAWRS images were then
generated by beamforming, matched filtering and charting scattered
returns. These were used to quantify the population of cod and capelin at
each spatial and temporal pixel by use of the distinct resonance frequency
characteristics of each species. Instantaneous wide-area scattering strength
images zoomed to the region of Supplementary Fig. 1a, for example, were
used todetermine thepopulationdensitiesof Fig. 1a, b. Frequency responses
of each species (Supplementary Fig. 1b) were determined by established
theory8,9,54 given measured fish lengths, swim bladder volumes, and depths
from simultaneous capture trawl and echo-sounder measurements which
were also used to confirm species and calibrate population densities6–11.
Linear frequency modulated waveforms of 50Hz band and 1 second
duration were transmitted at six centre frequencies in the roughly octave
range between 850 to 1600Hz spanning the entire resonance peak of the
capelin and theupper tail of the cod resonancepeak (SupplementaryFig. 1b)
to obtain scattered returns from the environment. Scattering strength at
each pixel was determined from these using parabolic equation propagation
modelling with measured bathymetry and oceanography7,55.

Calculation of scattering strength SSðρ; f jÞ at horizontal location ρ and
frequency f j is shown in Supplementary Information section 1. Scatter
functions of capelin and cod were obtained from standard theory54 with
local in-situ measurements of shoal occupancy depths from RV Knorr
echosounder and measured fish length distributions. Cod length distribu-
tion is obtained from the Institute of Marine Research (IMR) January-
March 2014 winter survey report34 from the acoustic and trawl catch
abundancemeasurements in the area between 70° to 72° N and 17° to 31° E
which roughly encompasses the region surveyed byOAWRS in the Barents
Sea and includes the zoomed area shown in Fig. 1a, b. The mean length of
cod in the area was calculated from the survey report34 in the following way:
The age distribution of cod, acoustic and bottom trawl estimates combined
from merged survey areas B and C34 which contain the location of the
experiment, was combined with the mean length at age in those areas to
obtainmeancod lengthof approximately 61 cmwith a standarddeviationof
13 cm. Conventional acoustic abundance estimates of mature spawning
capelin categorized by length in the ICES Arctic Fisheries Working Group
2014 report27 were used to obtain capelin length distribution whose mean
and standard deviation were found to be 15.4 cm and 1 cm respectively.
Capelin individuals with lengths 14 cm or greater are considered mature27.
Neutral buoyancy depths, 7 m for capelin and 280 m for cod, were deter-
mined by maximum likelihood estimation using respective measured
scattering strength data and the known physical model of resonant scat-
tering for each species. Resonant acoustic scattering from swimbladder-
bearing fish at wavelengths large compared to the swimbladder requires
simple damped harmonic oscillator modelling. Only a small number of
physical parameters such as swimbladder shape, fish flesh density, viscosity
and ambient pressure are needed to accurately model such low frequency
resonant scattering9,54,56. Multiple at-sea experiments with hundreds to
thousands of independent data points have demonstrated the validity of this
resonant scattering model in correlating acoustic measurements and fish
biological data9–11,56–58. The model is also in good agreement with data col-
lected in the Barents Sea during the experiment of the current analysis, for
scattering strength measurements across six distinct frequencies (Supple-
mentary Fig. 1).

Capelin and cod areal population density estimation
Capelin and cod population densities at each pixel were determined by
maximum likelihood estimation given themulti-spectral scattering strength
data and the known physical model of resonant scattering for each species
and itsmeasuredparameters. Individual cod are spacedwidely enough tobe
seen under small near-surface capelin groups before and at dawn in the
conventional echograms (Fig. 1c), where the cod are roughly 10–30m apart
horizontally and the small capelin groups are 50–100m in length with
similar spacings. The underwater remote sensing imagery (Fig. 1a, b) then
roughly resolves individual predator interactions with prey since its reso-
lution is roughly 15m in range and 0.3° in horizontal azimuth56,59, which

translates to roughly 30–60m cross-range resolution at 5–10 km from the
sensor, as is often the case for the shoals studied here. We employed array
aperture windowing to reduce beamforming sidelobes, leading to roughly
0.5° in azimuthal resolution, or 40–80m cross-range resolution at 5–10 km,
maintaining15mrange resolution, still at roughly the scale of individual cod
spacings just before capelin shoal formation at dawn.

Areal population densities of capelin and cod at each pixel were
inferred from the measured scattering strength at that pixel using the
maximum likelihood estimation method. For any pixel at horizontal loca-
tion ρ, two parameters are to be estimated: areal population density of
capelin nAcapelin

and areal population density of cod nAcod
. Here, scattering

strength measurements at any pixel are found to be Gaussian
random variables as converged upon by the central limit theorem such that
standard deviation is independent of the mean, consistent with variance
stabilization by log transformation of normalized field intensity data6–8,60.
Then, the multivariate Gaussian log-likelihood function61 for an
Nf -dimensional vector of scattering strength measurements SS ¼
½SSðρ; f 1Þ; SSðρ; f 2Þ; . . . ; SSðρ; f Nf Þ� for frequencies f 1; f 2; . . . ; f Nf

at any
pixel can be expressed as

l nAcapelin
; nAcod

� �
¼
XNf

j¼1

(
� 1
2

SS ρ; f j

� �
� <SS ρ; f jjnAcapelin

; nAcod

� �
>

� �2

σ2f j

� 1
2
log 2πσ2f j

� �)

ð1Þ
Here, hSSðρ; f jjnAcapelin

; nAcod
Þi is the expected scattering strength (see

Supplementary Information section 1) and σ2f j is the variance of measured
scattering strength at frequency f j, j ¼ 1; 2; . . . ;Nf ¼ 6. Mean measured
scattering strength from representative regions dominated by capelin, cod
and capelin-codmixture asmarked in Supplementary Fig. 1a are plotted as a
function of frequency in Supplementary Fig. 1b, eachmatching theoretically
expected resonance spectra with correlation coefficients of 0.98, 0.93 and
0.95 respectively. Measured scattering strength frequency response of
capelin-cod mixture in Supplementary Fig. 1b is obtained from scattering
strength data at 05:35 CET within the corresponding region marked in
Supplementary Fig. 1a.

Optimal estimates n̂Acp
and n̂Acd

of the areal population densities
nAcapelin

and nAcod
were determined by an exhaustive search over the ranges

of capelin and cod population densities such that the log-likelihood
function in Eq. (1) was maximized. This is equivalent to minimizing the
magnitude of the weighted sum of square difference between the mea-
sured scattering strength and expected scattering strength:

min
nAcapelin ;nAcod

XNf

j¼1

� 1
2

SS ρ; f j

� �
� SS ρ; f jjnAcapelin

; nAcod

� �D E� �2

σ2f j

8><
>:

9>=
>;

�������

�������
ð2Þ

Areal population densities of capelin and cod thus obtained were
mapped over all pixels and presented in Fig. 1. Population density esti-
mates for each species were found to have per-pixel error from Gaussian
field fluctuations of roughly 1 dB6–8,11,62 and a systematic root mean-
square offset error on all pixels through capelin and cod size variations
(Methods section 1) of roughly 25–40 percent. The root-mean-square
errors are estimated by averaging 100 Monte-Carlo simulations of scatter
functions of capelin and cod where each simulation employs a realization
of occupancy depth for an individual fish from a uniformly distributed
vertical shoal layer and a realization of fish length from its distribution.
Co-registration of capelin shoals in OAWRS population density images
and independent echosounder measurements from research vessel RV
Johan Hjort is shown in Supplementary Fig. 2. Exact correspondence and
match between population density estimates from OAWRS and
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conventional surveys have been repeatedly shown previously for large
aggregations of fish species such as Northeast Arctic cod, Norwegian
spring-spawning herring, Atlantic herring with hundreds to thousands of
independent OAWRS samples and tens of thousands of independent
conventional fisheries echosounder samples6,7,9,11.

Estimated cod predation on capelin
We estimate the number of capelin consumed by cod as well as those
survived as a function of space and time (Fig. 5a, b) using instantaneous
wide-area population density measurements for each species over time.
Before dawn twilight, capelin in surface layers and cod below are assumed to
have negligible interaction based on echogramdata and the context that cod
are visual predators. In our estimates, cod feeding effectively begins when
capelin descend to the depths inhabited by cod, at mean capelin layer depth
roughly 50m below the sea surface an hour after dawn at 5:30 CET when
lighting enables visual predation. Cod average depths were stable in the
lower part of the water column for remote sensing throughout all periods
investigated. Within any temporo-spatial resolution cell the consumed
capelin and survived capelin populations are estimated. Consumption is
taken to be only a function of surviving capelin and cod entering a temporo-
spatial cell when the two species are in the same depth layers. Each newly
entering cod is expected to consume up to 9 capelin as available in that cell,
based on our in-situ cod samples and other similar measurements14. The
gas-filled swimbladders of capelin,with only air in-take from the sea surface,
compress via Boyles law as they descend. At times beyond 5:35 CET capelin
target strengths become too small for capelin population density to be
updated by the remote sensing system due their continued descent. After
this time, capelin kinematics and survived population density are estimated.
The estimates are based on the last remotely measured capelin population
densities at 5:35 CET, and their subsequent consumption by cod. Cod
population density was robustly measured by ocean-acoustic waveguide
remote sensing at all times.

We obtain quantitative estimates of cod predation on capelin using
OAWRS population density images of both capelin and cod with a preda-
tion model which assumes cod that have converged on locations of capelin
arrive there to prey on the capelin. Echogram measurements show cod
occupy vertical depths from 50m below sea-surface down to the seafloor.
In our predation estimates, capelin consumption occurs when capelin enter
cod depth layers after undertaking downward migration from the sea-
surface at 05:25 CET. Within a resolution cell of area A m2 with capelin
population density nAcapelin

fish/m2 and cod population density nAcod
fish/m2,

the estimated consumed capelin populationdensity at any time instant tnþ1,
nconsumed
Acapelin

ðtnþ1Þ, is only a function of surviving capelin and new cod entering

a spatial cell between times tn and tnþ1. So when the two species are in the
same depth layers i.e. depths greater than 50m, nconsumed

Acapelin
ðtnþ1Þ ¼

γ½nAcod
ðtnþ1Þ � nAcod

ðtnÞ� when nAcod
ðtnþ1Þ > nAcod

ðtnÞ, otherwise

nconsumed
Acapelin

ðtnþ1Þ ¼ 0, such that nconsumed
Acapelin

ðtnþ1Þ≤ nsurvivedAcapelin
ðtnÞ for n≥ 0. The

predation model assumes that all new cod entering the resolution cell prey
on the available capelin. This is because we cannot track individual fully fed
cod that may enter from another resolution cell. The estimated survived
capelin population density at time tn+1, nsurvivedAcapelin

ðtnþ1Þ ¼ nsurvivedAcapelin
ðtnÞ �

nconsumed
Acapelin

ðtnþ1Þ and the cumulative consumed capelin population density at

time tnþ1, n
consumed;total
Acapelin

ðtnþ1Þ ¼
Pnþ1

k¼1n
consumed
Acapelin

ðtkÞ are then computed at

every spatial cell and plotted in Fig. 5a, b. Capelin and cod population
densities at 05:35 CET are taken to be inputs nAcapelin

ðt0Þ and nAcod
ðt0Þ

respectively at time t0 such that nconsumedAcapelin
ðt0Þ ¼ γnAcod

ðt0Þ when

γnAcod
ðt0Þ≤ nAcapelin

ðt0Þ, otherwise nconsumed
Acapelin

ðt0Þ ¼ nAcapelin
ðt0Þ. Then the

number of survived capelin at t0 is n
survived
Acapelin

ðt0Þ = nAcapelin
ðt0Þ � nconsumed

Acapelin
ðt0Þ.

The following estimates of survived capelin population densities at times
tnþ1 when n≥ 0 are based on the last capelin population densitiesmeasured

by OAWRS at 5:35 CET, and their subsequent consumption by cod.
Observations from RV Knorr echograms (Fig. 2c) show an increase in
capelin packing densities during their descent towards the seafloor. Esti-
mation error bars in Fig. 5c, d account for the uncertainty in capelin
populationdensity.Theupper part of the error bar is computedby assuming
capelin densities above 0.4 capelin/m2 have uniformly increased by 1
capelin/m2 from the last measurement at 05:35 CET such that the total
capelin population within the rectangular region of Fig. 1 remains
unchanged. The lower part of the error bar assumes no change in capelin
densities from last measurement at 05:35 CET.

Historical cod stomach sample records from the Barents Sea14,63 were
used to determine themean capelin weight consumed by an individual cod.
These cod stomach content recordswereobtained fromareaswhere codand
capelin overlapped spatially. Measurements of capelin weight in these cod
stomachs as a function of cod length provided information for the con-
sumption analysis and estimates of this paper. From the dataset provided in
Ref. 63, we examined stomach sample records of cod individuals between
the length range 48–74 cm i.e., up to one standard deviation of 13 cm above
and belowmean cod length of 61 cm34.We further restricted our analysis to
cod sample records with only capelin prey in their stomachs. The mean
capelin weight consumed by an individual cod is then found to be
approximately 155 g. This corresponds to the weight of roughly 9 spawning
capelin individuals where the average weight of an individual spawning
capelin is 18 g and its mean length is 15.4 cm27. Subsequently, a value of
γ ¼ 9 is used in our predation estimates. See Supplementary Information
for further details. This is compatible with findings in Magnusson and
Aspelund64 where a similar number of approximately 8 capelin consumed
by an individualmid-sized cod between lengths 61–70 cm is obtainedwhen
the average number of capelin captured by cod in an encounter with a
capelin school is multiplied with the average number of encounters with
capelin schools over the time taken to completely digest capelin.

This study was approved by the animal ethics committee of the
Institute of Marine Research (IMR) and granted permission by the Gov-
ernment of Norway’s National Joint Headquarters on January 28 2014 and
conducted with the IMR’s and Norway’s ethical guidelines for such studies.
We have complied with all relevant ethical regulations for animal use.

Statistics and reproducibility
Exact correspondence andmatch between population density estimates from
OAWRS and conventional surveys have been repeatedly shown for large fish
shoals in regions including the Nordic Seas, Gulf of Maine, andMid-Atlantic
Bight6,7,9,11,58. Each instantaneous OAWRS image consists of hundreds of
thousands of independent pixels with 15m range resolution from matched
filter and with 64 independent horizontal beams, spanning roughly 50 km in
range. The angular resolution varies as λ=ðL cos θÞ away from endfire, where
λ is the acoustic wavelength, L is the receiver array aperture length and θ is
the horizontal angle from array broadside which is normal to the receiver
array axis7–9. Then in each of the instances where massive aggregations of fish
species such as Northeast Arctic cod, Norwegian spring-spawning herring,
Atlantic herring were found6,7,9,11,58, co-registration of fish groups in the
OAWRS and conventional fish-finding sonar (CFFS) systems was shown
with hundreds to thousands of independent OAWRS samples and tens of
thousands of independent CFFS samples.

Expected two-way transmission loss over fish shoal depths in various
continental shelf environments with measured bathymetry and oceano-
graphy have been shown to be relatively stable and accurately
understood6,8,9,65. The parabolic equation model used to estimate wide-area
transmission loss for an ocean-acoustic waveguide has been calibrated with
thousands of transmission loss measurements over varying ranges from
100 s ofm to 10 s of kms9,65. Then theOAWRSpopulation density estimates
for each species were found to have a root mean-square error offset on all
pixels of roughly 25–40 percent by averaging 100Monte-Carlo simulations
of capelin and cod scatter functions. Each simulation employs a realization
of occupancy depth for an individual fish from a uniformly distributed
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vertical shoal layer and a realization offish length following the distributions
of capelin and cod sizes. Only the length of each fish was changed randomly
in each simulation realization.

Capelin population density estimates made by multispectral OAWRS
in Figs. 1–5 are found to have a potential offset of roughly ±25% based on
measured variations in capelin length and volume. The percentage error
offset is estimated in capelin populationdensity obtained frommultispectral
OAWRSdatadue tomeasuredvariances in capelin length andvolume in the
Barents sea experimental location and season27. Population density esti-
mates are based on OAWRS frequency measurements of 50 Hz bandwidth
at six centre frequencies which are at or near swimbladder resonance
(Figure S1, and Methods). At these frequencies the acoustic wavelength is
much larger than the swimbladder, capelin scattering amplitude is pro-
portional to swimbladder volume54,66, which in turn has a well-known
relationship tofish length andfish volume for physostomefish67–70 including
capelin71. The percentage error is determined with respect to the experi-
mentally measured value of population density we obtained based on
comparison betweenOAWRS and conventional fisheries echosounder data
in Figure S2.

Similarly, cod population density estimates made by multispectral
OAWRS in Figs. 1–5 are found to have a potential offset of roughly ±18%
based on measured variations in cod length and volume in the Barents sea
experimental location and season34. Thepercentage error is determinedwith
respect to the experimentally measured value of population density we
obtained based on the OAWRS and conventional echosounder data shown
in Supplementary Fig. 2. Additionally, the error in our cod population
density estimates due to contamination from haddock is found to be less
than 10%. The percentage error is determined based onOAWRS scattering
analysis withmixed species9 usingmeasured haddock length distribution in
the Barents Sea experimental location and time period34 using an upper
bound of 20% haddock mixed with the cod populations. Contamination
from herring, blue whiting and Sebastes, as observed by the simultaneous
winter survey34, is found to be negligible making total contamination from
other species than cod less than 10%.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data are available in themain text,Methods, Supplementary Information
or SupplementaryData.Numerical source data forfigures in themanuscript
can be found in Supplementary Data 1-4.

Code availability
Codes are available at https://doi.org/10.5281/zenodo.1329896172.
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