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Vast assembly of vocal marine mammals from 
diverse species on fish spawning ground
Delin Wang1, heriberto Garcia1, Wei huang1, Duong D. Tran1, Ankita D. Jain2, Dong hoon Yi2, Zheng Gong1,2, J. michael Jech3, 
Olav Rune Godø4, Nicholas c. makris2 & Purnima Ratilal1

Observing marine mammal (MM) populations continuously 
in time and space over the immense ocean areas they inhabit is 
challenging but essential for gathering an unambiguous record 
of their distribution, as well as understanding their behaviour 
and interaction with prey species1–6. Here we use passive ocean 
acoustic waveguide remote sensing (POAWRS)7,8 in an important 
North Atlantic feeding ground9,10 to instantaneously detect, 
localize and classify MM vocalizations from diverse species over 
an approximately 100,000 km2 region. More than eight species 
of vocal MMs are found to spatially converge on fish spawning 
areas containing massive densely populated herring shoals at 
night-time11–16 and diffuse herring distributions during daytime. 
We find the vocal MMs divide the enormous fish prey field into 
species-specific foraging areas with varying degrees of spatial 
overlap, maintained for at least two weeks of the herring spawning 
period. The recorded vocalization rates are diel (24 h)-dependent 
for all MM species, with some significantly more vocal at night and 
others more vocal during the day. The four key baleen whale species 
of the region: fin, humpback, blue and minke have vocalization 
rate trends that are highly correlated to trends in fish shoaling 
density and to each other over the diel cycle. These results reveal 
the temporospatial dynamics of combined multi-species MM 
foraging activities in the vicinity of an extensive fish prey field that 
forms a massive ecological hotspot, and would be unattainable with 

conventional methodologies. Understanding MM behaviour and 
distributions is essential for management of marine ecosystems 
and for accessing anthropogenic impacts on these protected marine 
species1–5,17,18.

Here we present the ecosystem-wide spatial distributions of vocal 
MMs from multiple cetacean species, including both mysticetes and 
odontocetes, acquired simultaneously with that of their fish prey dur-
ing their feeding season in the Gulf of Maine (GOM), an important 
North Atlantic MM foraging ground9,10 (Figs 1 and 2). The GOM is 
among the more diverse, productive, and trophically complex marine 
temperate areas in the world, with Atlantic herring (Clupea harengus) 
comprising a keystone prey species, common in the diets of many 
marine mammals, piscivorous fish and seabirds of the region9. Using 
a large-aperture, densely sampled, coherent hydrophone array with 
orders of magnitude higher array gain19 than previously available in 
acoustic marine mammal sensing, we could detect, localize and clas-
sify vocalizing MMs from multiple species instantaneously over an 
approximately 100,000 km2 region by POAWRS7,8 without aliasing19 
in time and space (Fig. 3a, Methods and Extended Data Figs 1–5). 
Simultaneous fish distributions were acquired instantaneously over tens 
of thousands of square kilometre areas by ocean acoustic waveguide 
imaging (OAWRS)11–14, combined with conventional fisheries ultra-
sonic echosounding15 and fish trawl sampling16 to obtain thousands 
of calibrations at statistically significant locations13. We mapped the 
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Figure 1 | Full diel cycle distributions of MM 
vocalizations and fish. Vocalizing MMs from 
diverse species are convergent on spawning herring 
distributions in autumn 2006 (26 September to 6 
October). Dense Atlantic herring shoals (>0.2 fish 
per m2, red shaded areas) imaged using OAWRS 
system12,13 and diffuse herring populations 
(approximately 0.053 fish per m2, bounded by 
magenta line) obtained from conventional fish 
finding sonar15,16. The MM call rate densities in 
units of number of calls per minute per 25 nmi2 
((min)(5 nmi)2) measured by POAWRS have  
peak values α indicated. Detailed shoaling  
herring and MM species vocalization spatial 
distributions can be found in Extended Data Fig. 6  
and Supplementary Information section III, 
respectively. The bathymetric data (contours shown 
in grey) are obtained from the US National Centers 
for Environmental Information.
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vocalization temporospatial distributions of five baleen whale species 
(Mysticeti): blue (Balaenoptera musculus), fin (Balaenoptera physalus), 
humpback (Megaptera novaeangliae), sei (Balaenoptera borealis) and 
minke (Balaenoptera acutorostrata), as well as toothed whale species 
(Odontoceti): sperm (Physeter macrocephalus), pilot (Globicephala 
spp.), orca (Orcinus orca) and several other delphinid species. We exam-
ined whether these vocal MMs had species-specific spatial affinities 
and how they varied across the prey field over the diel cycle. We further 
investigated the extent to which MM vocalization behaviour for each 
species is correlated to fish shoaling density which had recently been 
shown to be a major factor driving humpback vocal behaviour in their 
feeding ground7.

The overall vocalization rate spatial distributions of the five 
baleen whale species and the toothed whales are found to be highly 
focused on dense herring shoaling areas12–15 on the northern flank of 

Georges Bank, and almost entirely (more than 90% of the calls) con-
tained within the region of at least diffuse herring aggregations15,16 
that extends over a roughly 12,000 km2 area between Georges and 
Rodgers Basins in the north, Georges Bank in the south, Northeast 
Channel to the east, and Great South Channel to the west (Figs 1  
and 2). The dense herring shoals12–14 are characterized by 0.2 fish  
per m2 at shoal boundaries to over 10 fish per m2 at shoal centres, fac-
tors 4 to 200 times greater than those of the diffuse aggregations12–15 
that are characterized by roughly 0.053 fish per m2 (Methods, 
Extended Data Fig. 6). The cumulative call-rate distribution for all 
MM species fall off rapidly with increasing range from the dense 
herring shoals (Fig. 3b). A significant majority of MM vocalizations 
from any species, at least 63% corresponding to the e-folding decay 
value of the cumulative call-rate distribution in range, originate in 
areas that either completely overlap with or lie within 3–8 km range 
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Figure 2 | Day and night distributions of MM vocalizations and fish.  
a, b, Daytime (a) and night-time (b) distributions of vocalizing MMs from 
diverse species. Regions with dense herring populations (>0.2 fish per m2, 
red shaded areas) during day and night are shown. The daytime hours are 
between sunrise and sunset (06:00 to 18:00 EDT), while night-time hours 

are between sunset and sunrise the next day (18:00 to 06:00 EDT). All 
other contours are similar to Fig. 1. The bathymetric data (contours shown 
in grey) are obtained from the US National Centers for Environmental 
Information.
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of dense herring shoals. These e-folding distances are less than 
the size of the herring shoals and can be traversed by most MMs 
within several minutes to at most an hour, timescales small relative  
to the roughly 12 h duration of the herring shoal’s nocturnal existence. 
In contrast, the zooplankton distribution in the area of intense MM 
vocalizations is diffuse, with volumetric densities (715 ± 550 zoo-
plankton per m3, Supplementary Information section V) roughly nine 
times smaller than those found in areas where baleen whales have 
been previously observed to be actively feeding20,21 on zooplankton 
(6,500 ± 2,000 zooplankton per m3). From an energetics perspective, 
the dense herring populations, with biomass ranging from 5 g m−3 
to over 250 g m−3, provide orders of magnitude more efficient prey 
than the diffuse zooplankton of approximately 0.6 ± 0.5 g m−3  
biomass. The spatial relationship quantified here between regions  
of dense MM vocalization rate densities and those of dense fish shoal-
ing densities are consistent with a mechanism by which MMs from 
around the GOM converge on localized dense prey fields that are 
uniquely available during the annual herring spawning season for  
efficient feeding.

We find the vocal MMs are not uniformly distributed over the prey 
field, but concentrated in species-specific population centres with 
varying degrees of spatial overlap that can vary over the diel cycle 
depending on the species (Figs 1 and 2 and Supplementary Information  
section III). The dominant MM consumers of GOM herring have been 
proposed9 to be fins and humpbacks, accounting for close to 50% of 
the estimated 150 ± 50 kilotons of herring consumed annually by MM 
predators, with the remaining consumed by other MM species, such as 
minkes and various delphinids. MMs are responsible for 50% of total 
herring consumption by non-human predators9. The Atlantic herring 
that spawn on northern Georges Bank comprise roughly 15% to 25% 
of the GOM Georges Bank complex herring stock16. These images 
reveal the previously uncharted spatial affinities of multiple MM spe-
cies simultaneously engaged in foraging activities in the vicinity of an 
enormous fish prey field. The ability to observe predator distributions 
with respect to changing prey fields is essential for advancing our 
understanding of ecosystem processes20,22,23.

The vocalization repertoire of MMs is highly species dependent, 
varying in acoustic frequency content, duration, and repetition rate 
(see Methods for MM species vocal classification). Of the mysticete 
whales, the fins are found to be the most vocal group with the high-
est measured vocalization rates of roughly 14,000 calls per day, fol-
lowed by humpbacks with roughly 2,000 calls per day. The measured 
vocalization rates for all MM species are provided in Extended Data  
Table 1. MMs vocalize for a variety of purposes4,5,8,23–29 that include 
songs associated with mating in mysticete whales, social sounds 

associated with inter- and intragroup interactions, signals for long 
range or night-time acoustic communication, calls for coordi-
nated movement during feeding or migration, and echolocation 
for prey-finding in odontocetes that may possibly extend to certain  
mysticete whale species (Methods).

Determining the temporal and spatial variations in MM vocaliza-
tions is important for understanding their natural behaviours4,25 and 
also crucial for providing controls when assessing anthropogenic effects 
on that behaviour5. All five baleen whale species and the toothed whales 
analysed here have vocalization rates that vary over the diel cycle. Four 
of the five baleen whale species, fin, humpback, blue and minke, are 
found to be more vocal at night (from dusk 18:00 Eastern daylight 
time (EDT) through to dawn 06:00 EDT the next day) with night-time 
vocalization rates a factor of between 2 to 10 times that of the daytime 
(Extended Data Table 1). In contrast, the sei whales and collectively, the 
odontocetes, are more vocal in the daytime by a factor of roughly 1.25. 
The vocalization rate spatial distribution is strongly diel-dependent for 
some MM species, but less so for others (Fig. 2a, b). Combined sensing 
with POAWRS and OAWRS7,8,11–14 enables MM and fish distributions 
to be simultaneously monitored over instantaneous continental-shelf 
scale regions, and presents a significant advantage in areal coverage 
over conventional line-transect visual10,30 and ultrasonic echosounding 
survey techniques respectively.

We correlated the MM vocalization rate time series with the herring 
shoaling areal population density time series over the diel cycle as a 
function of MM species (Fig. 4, Extended Data Fig. 7 and Extended 
Data Table 1). Four of the five vocal baleen whale species, fin, hump-
back, minke and blue, are found to have temporal call rate trends that 
are highly correlated to temporal trends in herring shoaling density 
and also to each other. For humpbacks, their night-time vocalizations 
are dominated by downsweep ‘meows’, ‘feeding cries’and ‘bow-shaped’ 
calls that are associated with fish-feeding activities, occur ten times 
more frequently at night than in the daytime accounting for the high 
correlation (rMM,fish  = 0.87) to nocturnal herring shoaling densities7. 
The high temporal correlation (rMM,fish  = 0.82) obtained here between 
fin vocalization rate and herring shoaling density indicates that the 
factor of 2 increase in the characteristic 20 Hz fin vocalizations at 
night is likely associated with increased fish-feeding activities. This is 
supported by the spatial focusing of the fin vocalization distribution 
on north-central Georges Bank in the location of dense herring shoal-
ing populations during night-time (Fig. 2). The minke vocalization 
rates are well correlated to herring shoaling densities, both temporally 
(rMM,fish  = 0.64) and spatially. The minke call rate distribution spatial 
overlap with dense herring shoaling areas increases from 0% in the 
day to 71% at night (Fig. 3b and Extended Data Fig. 8). This implies 
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Figure 3 | POAWRS MM detection region and cumulative nocturnal 
MM call rate distribution. a, POAWRS 0.5 probability of detection (POD) 
contour for MM vocalizations in the Gulf of Maine. Dotted box is the 
region shown in Figs 1 and 2. b, Cumulative nocturnal MM vocalization 
rate distribution as a function of minimum distance from nocturnal 
herring shoaling areas. The e-folding distances of the cumulative 

nocturnal MM vocalization rate distributions range from 0–8 km 
depending on the species. In contrast, the azimuthally-averaged POAWRS 
MM POD e-folding distances from nocturnal herring shoaling areas are 
a factor of 10 to 100 times larger. The bathymetric data (contours shown 
in grey) are obtained from the US National Centers for Environmental 
Information.
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that the fivefold increase in minke buzz vocalization sequences 
recorded here, which resemble the odontocete echolocation click 
sequences (compare Extended Data Fig. 1d, e), play an important 
role in minke fish-feeding activity. Here we find the blue vocaliza-
tion rates have the highest temporal correlation (rMM,fish  = 0.91) to 
herring shoaling densities. The blue whale calls we detected are com-
prised predominantly of short-duration (approximately 2 s) audible 
downsweep (type D26) calls, which were previously observed for blue 
whales in both the North Atlantic26 and Pacific feeding grounds27 and 
regarded as contact calls. The high temporal correlation between blue 
whale call rates and herring densities obtained here suggest that it 
may be possible that blue whales are consuming herring and the type 
D vocalizations are feeding-related, though this fish-feeding behav-
iour has not been observed for blue whales. (Other possible explana-
tions are discussed in Methods.) Previous observations of sei whales 
in the GOM found lower call rates at night for their downsweep chirp 
signals attributed to zooplankton-feeding and higher call rates in the 
daytime while engaged in social interactions and less feeding23. Here 
we find a similar pattern for their vocalization behaviour in the vicin-
ity of dense herring shoals, which may result from more fish-feeding 
at night than in daytime. The tooth whales collectively have vocaliza-
tion rates that are temporally uncorrelated to herring shoaling densi-
ties, perhaps because their fish-feeding strategies differ from those of 
baleen whales. The toothed whales hunt small fish groups and feed 
on individual fish28,29, whereas baleen whales engulf large quantities, 
hundreds to thousands of fish, all at once24 and rely on fish shoaling 
together for efficient feeding.

The ecosystem-scale predator–prey behaviour documented here is 
expected to be a regular feature of the annual herring spawning season 
on Georges Bank and an important aspect of the life cycles of the vari-
ous species involved that is likely to be found in other ocean ecosystems 
where many of the same conditions occur.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Data reporting. No statistical methods were used to predetermine sample size. 
The investigators were not blinded to allocation during experiments and outcome 
assessment.
POAWRS receiver array recordings of MM vocalizations. Acoustic recordings 
were acquired using a 160 hydrophone-element horizontal receiver line-array31 
towed by a research vessel along designated tracks north of Georges Bank from 
19 September to 6 October 2006 (GOM 2006 experiment)11–14, coinciding with 
the annual herring spawning period15,16,32 on the northern flank of Georges 
Bank9,33,34. Here we use data from all 160 hydrophone elements nested13,31 into 
four subapertures, where each subaperture contains 64 hydrophones for spatially 
and temporally unaliased sensing up to 4 kHz (sampling rate of POAWRS was  
8 kHz)35. Acoustic pressure-time series measured by sensors across the receiver 
array were converted to two-dimensional (2D) beam-time series by time-domain 
beamforming19,36, and further converted to spectrograms by temporal Fourier 
transform. MM vocalizations were automatically extracted using a threshold 
detector (>5.6 dB signal-to-noise ratio (SNR)) with a detection rate of roughly 
87% ± 5% depending on the species, call characteristics and in-beam ambient 
noise levels. The beamformed spectrograms were subsequently checked by visual 
inspection to improve expected detection accuracy to over 92%. Examples of  
typical vocalization spectrogram from diverse MM species are shown in Extended 
Data Fig. 1.

The high gain19,36 of the densely-sampled large aperture coherent POAWRS 
receiver array used here, up to 10 log10 n = 18 dB gain where n = 64 hydrophones 
for each sub-aperture, enabled detection of whale vocalizations either two orders of 
magnitude more distant in range or lower in SNR than a single hydrophone which 
has no array gain (Extended Data Fig. 2). The angular resolution of the receiver 
array12 is dependent on the measured bearing, array aperture length and acoustic 
wavelength, tabulated in Table 1 of ref. 13 for select frequencies.
Characteristics and function of MM vocalizations from diverse species. The 
time-frequency characteristics of each MM vocalization was extracted via pitch 
tracking37–39 and applied to classify the vocalization according to species (Extended 
Data Fig. 3 and Extended Data Table 2). A combination of extracted features, 
orthogonalized via principle component analysis (PCA), were used to optimize 
the vocalization species classification employing k-means and Bayesian-based 
Gaussian mixture model clustering approaches40. The bearing-time trajectories 
of each closely associated series of vocalizations were also taken into account to 
ensure consistent classification, and to minimize the automatic classification error 
to between 0.5% to 7% depending on the species.

In the low frequency range from 10 Hz to 100 Hz, the acoustic spectra were 
dominated by fin, blue and sei vocalizations (Extended Data Fig. 1a–c). The fins 
were identified from their characteristic 20 Hz centre frequency calls41–44 that have 
been associated with communication among fin individuals45 and also found to be 
uttered by males as breeding displays in their mating grounds41,46. Given the large 
volume of fin vocalizations measured here in the vicinity of dense shoaling fish 
populations, averaging 14,000 calls per day, these 20 Hz calls can also be associated 
with feeding behaviour, serving as communication signals or for coordination 
among individuals in their foraging ground. The blues were identified from their 
audible downsweeps — type D calls, burps and grunts26,47–50, previously found 
to be vocalized by both sexes, regarded as contact or social calls48 produced by 
individuals at shallow depths47 of 10–40 m. The seis were identified from their 
downsweep calls occurring singly or as doublets with roughly 4 s separation, and 
also sometimes as triplets23,51,52, hypothesized to be long-range contact calls poten-
tially enabling coordinated activities such as feeding or breeding52.

The spectra in the mid frequency range from 100 Hz to 1,000 Hz were domi-
nated by minke and humpback vocalizations. The minkes were identified from 
their buzzes comprised of a series of high and low frequency click sequences53–55, 
has characteristics similar to the highly repetitive pulse train of odontocetes that 
may be suitable for prey echolocation. Compared to other baleen whales, the 
humpbacks have a fairly extensive vocalization repertoire. Here the humpbacks 
were identified from their songs4,56, as well as non-song calls57,58 with charac-
teristics provided in ref. 7. Male humpbacks vocalize songs which are patterned 
sequences of calls as breeding displays4 in their mating ground, and have been 
observed to carry the tunes into their feeding grounds59–61 (Extended Data  
Fig. 2). The non-song vocalizations detected include ‘feeding cries’ similar to those 
observed in Alaskan humpback cooperative group feeding on herring schools57, 
as well as ‘bow-shaped’ calls and ‘meows’ suited for night time communication7 
among humpback individuals and coordination during group feeding activities.

The spectra at frequencies higher than 1 kHz were dominated by odontocete 
vocalizations (Extended Data Fig. 1e–h). They consist of sperm whale slow and 
usual click, and creak sequences8,62,63, pilot and killer whale whistles, as well as 
a wide range of repetitive sequences of downsweep chirp signals roughly 0.7 s 

duration with varying bandwidths between 200 to 1,000 Hz, all occurring above 
1 kHz that can be attributed to pilot64,65 or killer whales66–68, or a variety of other 
delphinid species25. The highly repetitive click sequences used for prey echoloca-
tion occur at frequencies higher than 10 kHz for many odontocete species, beyond 
our sampling frequency range. The largest of them, the sperm whale, has slow and 
usual click and creak sequences with significant energy as low as 1 kHz8,69. The 
whistles and wide variety of downsweep chirp signals we recorded in the frequency 
range of odontocete vocalizations may serve as contact calls between individuals 
and to facilitate cohesion during foraging or travel64,65,70. The fin, humpback, sei, 
minke, pilot and orca whales, and common and bottlenose dolphin species were 
visually sighted during the experiment.
Determination of diel MM vocalization rate time series. The bearing-time tra-
jectories of vocalizations from multiple MM species received by the POAWRS 
receiver array are shown for two days in Extended Data Fig. 4. For humpbacks, the 
alternation from song to non-song calls in their vocalization repertoire over several 
diel cycles are plotted as a function of bearing-time trajectory in Extended Data 
Fig. 5 for comparison. The line-array’s left–right ambiguity is resolved following 
the approach outlined in refs. 7, 71. The bearing ranges from 100° to 240° from 
true north for our array spans Georges Bank from east to west respectively. The 
diel vocalization rate (calls per min) time series shown in Fig. 4 and Extended Data 
Fig. 7 for each MM species is obtained by averaging the daily vocalization rate time 
series for that species over the entire experiment. The MM vocalization rate time 
series, initially calculated in 15 min bins, are averaged over a 1.25 h running win-
dow corresponding to the half power width quantifying the temporal correlation 
scale of the fish shoaling density time series. For both minke and odontocete whale 
click sequences, since the duration of each click sequence is highly variable from 
a few seconds to over a minute, the call rates shown in Fig. 4 and Extended Data  
Fig. 7 represent the number of 5 s intervals that contain click sequences.
Localization and call rate spatial distributions of diverse vocalizing MM  
species. The horizontal location of each MM vocalization consists of a range and a 
bearing estimate. The moving array triangulation (MAT)71 and the array invariant 
(AI)71–73 methods were applied to determine the range of the vocalizations from 
the horizontal receiver array centre. Position estimation error, or the root mean 
squared (RMS) distance between the actual and estimated location, is a combina-
tion of range and bearing errors quantified for this array in refs. 7, 71 and 73. Range 
estimation error, expressed as the percentage of the range from the source location 
to the horizontal receiver array centre, for the MAT technique is roughly 2% at 
array broadside and gradually increases to 10% at 65° from broadside and 25% at 
90° from broadside, that is, near or at endfire71. Range estimation error for the AI 
method is roughly 4% to 8% over all azimuthal directions71,73. Bearing estimation 
error of the time domain beamformer is roughly 0.5° at broadside and gradually 
increases to 6.0° at endfire71. These errors are determined at the same experimental 
site and time period as the MM position estimates presented here, from thousands 
of controlled source signals transmitted by the same source array used to locate 
the herring shoals presented here and are based on absolute global positioning 
system (GPS) ground truth measurements of the source array’s position71, which 
are accurate to within 3 m to 10 m. More than 80% of vocalizing MMs are found 
to be located between 0° to 65° from the broadside direction of the horizontal 
receiver array. Position estimation error7,71 is less than 2 km for majority of the 
vocalizing MMs localized in Figs 1 and 2 since they are found within roughly 50 km 
of the horizontal receiver array centre. This error is over an order of magnitude 
smaller than the spatial scales of the MM concentrations shown in Figs 1 and 2, and  
consequently has negligible influence on the analyses and results.

The estimated locations for all MM calls over the duration of our data collec-
tion are used to generate the call rate density map for each MM species shown in  
Figs 1 and 2 following the approach described in ref. 7. The location of each call is 
characterized by a 2D Gaussian probability density function with mean equal to 
the measured mean position from MAT or the AI method and standard deviations 
determined by the measured range and bearing standard deviations. The MM call 
rate density map for each species is determined by superposition of the 2D spatial 
probability densities for the location of each call, normalized by the total meas-
urement time. (See Supplementary Information section III for more detailed diel, 
diurnal and nocturnal MM spatial vocalization rate distributions).
Estimating MM detection region for POAWRS receiver array. The probability of 
detection PD (r) of the MM vocalizations from each species as a function of range 
r from the POAWRS receiver array, shown in Fig. 3 and Extended Data Fig. 8, are 
calculated employing the formulation7,13,74–86 and parameters7,87–89 provided in 
Supplementary Information section I. Higher transmission loss occurs in shallower  
waters due to more intense and pervasive bottom interaction86,90–92 and mode 
stripping effects, especially at the low frequency vocalization range of large baleen 
whales. Transmission loss in deeper waters is typically significantly lower due 
to upward refraction86,90 which leads to far less intense and pervasive bottom  

© 2016 Macmillan Publishers Limited. All rights reserved



LetterreSeArCH

interaction, as is the case in the deeper waters north of Georges Bank86,90–92. As 
noted in ref. 7, highly directional transmission loss may then occur when there are 
large depth variations about a receiver. This effect makes the detection range of 
whales in directions to the north of our receiver and Georges Bank typically much 
greater than in directions to its south where the relatively shallow waters of Georges 
Bank are found. The fact that we localized the sources of many whale calls at great 
distances along shallow water propagation paths on Georges Bank in directions 
where transmission loss was greater and found negligibly small vocalization rates in  
the deeper waters north of Georges Bank where transmission loss was much less 
(Fig. 3a), greatly emphasizes the finding that the vocalization rates originating from 
the region further north of Georges Bank were negligibly small.

The dominant portion of the whale population within the POAWRS detection 
region is expected to occur in areas with dense vocalization rates for each MM 
species. This is because the probability of detecting no vocalizations in a region 
where a MM species is abundant over our two week observation period is neg-
ligibly small. This implies that there are insignificant numbers of MMs within 
the detection region at locations with low call rates or no calls. This is consistent 
with acoustic-based marine mammal population density estimation, which makes 
the standard assumption that there are no whales expected to be present in a 
time-space region where there are no calls93–98, or that this number is negligibly 
small. The MM vocalization rate spatial distribution obtained here showing the 
northern flank of Georges Bank and its immediate vicinity as an autumn season 
MM hotspot is consistent with analysis of three decades (1970–2005) of visual line 
transect survey data for the entire GOM region10,99 (Supplementary Information 
section IV).
Atlantic herring areal population density distribution and time series. The 
Atlantic herring instantaneous areal population density over wide areas shown in 
Figs 1 and 2 and Extended Data Fig. 6 were obtained from active OAWRS imaging 
after extensive calibration with tens of thousand instantaneous coincident con-
ventional ultrasonic fisheries echosounding measurements12–14, with fish species 
identification and physiological parameters extracted from trawl samples collected 
over the course of the experiment15. The Atlantic herring shoals were consistently 
observed to form when the population density reached a critical value of 0.2 fish 
per m2 where correlated behaviour began, following simple physical theories12. 
This critical density was also consistently found to be the boundary where the 
dense shoal ended and diffuse populations that did not engage in correlated behav-
iour began12–14. Populations within the dense shoals were variable from 0.2 to over 
10 fish per m2. These shoals extended roughly 20–60 m vertically in water-column 
depths of 80–200 m. In contrast, the diffuse fish populations approximately 0.053 
fish per m2 were found close to (within 3–5 m of) the seafloor. The shoals formed 
near sunset and persisted until near sunrise, starting on the northern flank of 
Georges Bank and migrating southward to shallower waters on the bank. This 
diurnal behavioural pattern was consistently observed during our roughly two 
week measurement time period12–14.

The annual autumn season Atlantic herring spawning activity on the northern 
flank of Georges Bank has been recorded by the US National Marine Fisheries 
Services (NMFS) for over 30 years, coinciding their survey of the Georges Bank 
herring stock with this period each year9,15,16,32, including our GOM 2006 experi-
ment. The overall Georges Bank Atlantic herring stock estimate for autumn 2006 
based on OAWRS16 survey has been found to match well (within 10% to 20%) with 
independent NMFS stock estimates for 2006 and 2007 (ref. 16).

Midwater trawl hauls were conducted on an ad hoc basis to sample significant 
backscatter observed during the NMFS acoustic survey in autumn 2006 (ref. 15). 
Stomach-content volume and diet composition of up to 15 herring per trawl haul 
(length-stratified subsampling) were recorded at sea. The majority of pre-spawning 
herring were not feeding as evidenced by the high proportion of empty stomachs15. 
During the acoustic/midwater trawl survey on Georges Bank in 2006, 95% of  
herring had nothing in their stomach (that is, stomach-content volume was 0 cm3), 
which is comparable to other years where the proportion of empty stomachs ranged 
from 100% in 2003 to 69% in 2010.

The areal resolution of the fish density distribution shown in Figs 1 and 2 
obtained from the OAWRS imaging system is 30 m in range after matched filter-
ing and averaging, and varies between 150 m to roughly 1.5 km in cross-range for 
the vast majority of fish hotspots included here, where the cross-range resolution 
is dependent on the array angular resolution, bearing, and fish range. The MM 
call rate distributions have spatial resolutions bounded by roughly 2 km that is of 
the same order of magnitude as the fish areal population density distribution in 
cross range.

We combine the herring shoaling activity on Georges Bank, where massive 
and highly dense shoals occur predominantly during the night on the northern 
flank7,8,11–14, with that for the region to the north of the Bank between Rodgers and 

Georges Basins, where we observe less persistent herring groups forming throughout  
the diel cycle15. The areal fish population density (in fish/m2) time series shown  
Fig. 4 and Extended Data Fig. 7 is obtained by averaging the daily herring 
shoaling areal population density time series initially calculated in 15 min bins,  
then averaged over a 1.25 h running window corresponding to the half power  
width quantifying the temporal correlation scale of the fish shoaling density time 
series.

The temporal correlation coefficients rMM,fish in Extended Data Table 1 quantify 
the degree of similarity between the diel MM call rate time series cMM (t) and the 
diel fish areal population density time series nfish(t) and are calculated19,100 via
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where the samples at time tj and tk are independent for j ≠ k, so that tk+1 − 
tk = 1.25 h.

The cumulative MM call rate distributions in Fig. 3b and Extended Data Fig. 8  
are plotted as functions of decreasing distance from shoaling herring during night 
and day respectively, and so take the value 0 at long ranges from herring shoaling 
locations and monotonically increase to 1 at herring shoaling locations. The prob-
ability density function (PDF) for MM call rate density as a function of range from 
shoaling herring can be obtained as the absolute value of the range—derivative of 
the cumulative call rate distribution. The e-folding decay range of the cumulative 
call rate distribution for each MM species is the distance from herring shoals where 
the cumulative call rate distribution decays to 1/e = 0.37, so that 63% of vocaliza-
tions from that species are contained within the e-folding decay range.
On the high temporal correlation between blue whale vocalization rate and 
herring shoaling density. Besides the fish-feeding hypothesis, another possible 
explanation is that both blue whales and herring are responding to a common 
environmental stimulus, such as changing light level or their common prey- 
zooplankton abundance. However, the annual biological sampling of the autumn 
season spawning herring over multiple years, including this 2006 experiment time 
period, indicates that the herring have largely empty stomachs and are generally 
not feeding while engaged in spawning activities15.

Previous studies of diel dependence of blue vocalizations in their zooplankton- 
feeding areas found higher call rates in the night than day for longer duration  
(approximately 20 s) type B calls, associated with mating and social interaction, and 
proposed an inverse relationship between call rate and level of feeding activity27.  
It is also possible that the type D calls measured here are related to increased  
social interaction between blue whales at night.

The Supplementary Information provides more details on marine mammal, 
fish and zooplankton distributions in GOM and comparison to other ocean  
environments.
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Extended Data Figure 1 | Spectrograms of MM vocalizations. a–h, Beamformed spectrograms of typical repetitive vocalizations from diverse MM 
species observed using the POAWRS receiver array in the Gulf of Maine from 19 September to 6 October 2006.
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Extended Data Figure 2 | Coherent array processing enhances SNR.  
a, b, Compare single hydrophone measured spectrogram (a) with 
spectrogram after coherent beamforming (b) with 64-element  
sub-aperture of POAWRS 160-element hydrophone array. The song 

vocalization from a humpback individual roughly 35 km away from the 
POAWRS receiver array recorded on 2 October 2006 at 23:48:45 EDT is 
enhanced by 18 dB above the background noise after beamforming in b 
where whale bearing is −64.16° from array broadside.
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Extended Data Figure 3 | Pitch-tracks of baleen and toothed whales.  
a, Pitch-tracks of repetitive mysticete vocalizations in the 10 to 100 Hz 
range. Thick solid curves are the means of roughly 500 to 1,000 
vocalizations of each type. Mean instantaneous bandwidth of the pitch-
tracks are indicated by the dashed curve. Even though blue and sei type I 

calls have some overlapping bandwidth, they can be well separated using 
the upper frequency fU and slope df/dτ features (Extended Data Table 2). 
b, Mean pitch-track and instantaneous bandwidth of repetitive odontocete 
downsweep vocalizations in the 1 to 4 kHz range.
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Extended Data Figure 4 | Daily POAWRS measured MM vocalization 
bearings. a, b, MM vocalization bearings from diverse species measured 
by POAWRS receiver array on 1 October 2006 (a) and 2 October 2006 (b). 
The bearings are measured from true North in clockwise direction with 

respect to the instantaneous spatial locations of the receiver array centre. 
The techniques used here for resolving source bearing ambiguity about the 
horizontal line-array axis are provided in Methods section 3. The shaded 
bars on the x axis indicate the operation time periods of the receiver array.
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Extended Data Figure 5 | Daily humpback vocalization repertoire. a–c, Bearings and repertoire of humpback vocalizations measured by POAWRS 
receiver array on 1 October 2006 (a), 2 October 2006 (b), and 3 October 2006 (c). The ‘meow’, ‘bow’, and ‘feeding’ call characteristics are provided in ref. 7.
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Extended Data Figure 6 | Diel Atlantic herring shoaling areal 
population densities. Measured herring shoaling areal population 
densities (ranging from 0.2 fish per m2 to over 10 fish per m2) determined 
from OAWRS12,13 survey in the Gulf of Maine from 26 September 2006 to 
6 October 2006, upon calibration with tens of thousands of coincident and 
co-located conventional ultrasonic fisheries echosounding measurements, 

combined with trawl sampling for identity and biological–physiological 
characterization of fish populations15,16. The mean diffuse herring density 
of 0.053 fish per m2 is determined from conventional ultrasonic fisheries 
echosounding. The bathymetric data (contours shown in grey) were 
obtained from the US National Centers for Environmental Information.
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Extended Data Figure 7 | Diel MM call rate and herring shoal areal 
population density time series. Mean diel call rates for sei whales and 
odontocetes in general are not correlated to the diel Atlantic herring shoal 
mean areal population density. The error bars indicate standard deviations 

obtained from averaging the time series over multiple diel cycles from  
26 September 2006 to 6 October 2006. The period from roughly 2–6 EDT 
contains a data gap.
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Extended Data Figure 8 | Cumulative diurnal MM call rate distribution. 
Cumulative diurnal MM vocalization rate distribution and azimuthally-
averaged POAWRS MM POD as a function of minimum distance from 
diurnal herring shoaling areas. The e-folding distances of the cumulative 
MM vocalization rate distributions decrease from day (shown here) to 
night (in Fig. 3b) by 27.3 to 7 km (blue), 9.3 to 3.9 km (fin), 51.7 to 3.5 km 

(humpback), 22.5 to 0 km (minke), 11.2 to 8.1 km (sei), and 22.4 to 5.5 km 
(odontocetes). The percentage of vocalizations that fully overlap with 
herring shoaling areas increase from day to night by 0% to 18% (blue), 
14% to 40% (fin), 6% to 44% (humpback), 0% to 71% (minke), and 5% to 
24% (sei), but decrease by 36% to 29% (odontocetes).
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extended Data table 1 | MM species daily call rate and temporal correlations

The temporal correlation rMM,fish of MM vocalization rate time series to fish shoaling areal population density time series, as well as the temporal correlation rMMI, MMII between distinct MM species 
vocalization rate time series over the diel cycle are calculated using Methods equations (1) and (2) respectively.
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extended Data table 2 | Large baleen whale repetitive vocalization pitch-track features

Vocalization characteristics in the 10 to 100 Hz range from large baleen whales detected with POAWRS receiver array in the Gulf of Maine in autumn 2006. The characteristics are the lower fL,  
upper fU, and mean f̄  frequencies, mean instantaneous bandwidth B̄  , relative instantaneous bandwidth B̄  /f̄  duration τ, slope df/dτ, and curvature d2f/dτ2. The slope and curvature are obtained from 
second order nonlinear curve-fit to the vocalization traces obtained via pitch-tracking.
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I. Probability of detection for MM vocalizations from diverse species with POAWRS receiver

array. Here we formulate and quantify the probability of detection (POD) PD(r) of the MM

vocalizations from each species as a function of range r from the POAWRS receiver array shown

in Fig. 3, Extended Data Fig. 8, and Supplementary Information Fig. 1 below.

For a MM located at range r from the POAWRS receiver array, its vocalization signal can be

detected above the ambient noise if the sonar equation7, 86, 90–92 is satisfied,

NL+DT − AG < LS − TL(r), (1)

where LS is the MM vocalization source level, NL is the ambient noise level in the frequency

band of the MM vocalization signal, AG is the coherent beamforming gain of our passive re-

ceiver array, DT is the detection threshold, and TL is the broadband transmission loss. We use a

calibrated13, 74–77 parabolic equation based Range-dependent Acoustic propagation Model (RAM)78

to calculate the broadband transmission loss13, 74–77, 79 via TL = 10 log10(
∫ fU
fL

Q(f)�|G(r|r0, f)|
2�df),

where G(r|r0, f) is the waveguide Green function for MM source located at r0 and receiver at r,

Q(f) is the normalized MM vocalization spectra, and fL and fU are the lower and upper frequen-

cies of the analysis. The model takes into account the environmental parameters, such as the range-

dependent bathymetry, seafloor geo-acoustic properties13, MM source and POAWRS receiver array

location, and over 200 experimentally measured water-column sound speed profiles (Fig. 3 of Ref.

13) to stochastically80–82 compute the propagated acoustic intensities via Monte-Carlo simulation

using the approach outlined in Refs. 13, 75–77, 83. The stochastic broadband transmission loss model

1calculations have been extensively calibrated and verified with (1) thousands of one-way transmis-

sion loss measurements made during the same GOM 2006 experiment discussed here at the same

time and at the same location13, 74; (2) thousands of two-way transmission loss measurements made

from herring shoal returns and verified by conventional fish finding sonar and ground truth trawl

surveys during the same GOM 2006 experiment discussed here at the same time and at the same

location12, 13, 16; (3) roughly one hundred two-way transmission loss measurements made from cal-

ibrated targets with known scattering properties during the same GOM 2006 experiment discussed

here at the same time and at the same location76; and (4) thousands of one-way transmission loss

measurements made during a past OAWRS experiment conducted in a similar continental shelf

environment77.

The MM vocalizations are detected from the beamformed spectrograms and typically occupy

roughly M number of independent time-frequency pixels ∆f∆t where M varies between 3 to 24

depending on the species. We first calculate the detection probability pD,1(r) in a single frequency-

time pixel using,84, 86

pD,1(r) =

∫ +∞

−∞

fLR
(LR(r))

∫ LR(r)−DT

−∞

fLN
(LN)dLNdLR, (2)

where fLN
(LN ) is the probability density function of the log-transformed ambient noise pressure-

squared LN(t, f) = 10 log10(|PN(t, f)/Pref |
2) = SN (t, f) + 10 log10(∆f)− AG within a single

beamformed spectrogram time-frequency pixel in the frequency range of the MM vocalization,

where PN(t, f) is the noise pressure at time t within frequency bin ∆f centered at frequency f

and SN (t, f) is the omnidirectional ambient noise spectral density level; fLR
(LR(r)) is the prob-

ability density function of the received MM vocalization signal log-transformed pressure-squared

2
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calculations have been extensively calibrated and verified with (1) thousands of one-way transmis-

sion loss measurements made during the same GOM 2006 experiment discussed here at the same

time and at the same location13, 74; (2) thousands of two-way transmission loss measurements made

from herring shoal returns and verified by conventional fish finding sonar and ground truth trawl

surveys during the same GOM 2006 experiment discussed here at the same time and at the same

location12, 13, 16; (3) roughly one hundred two-way transmission loss measurements made from cal-

ibrated targets with known scattering properties during the same GOM 2006 experiment discussed

here at the same time and at the same location76; and (4) thousands of one-way transmission loss

measurements made during a past OAWRS experiment conducted in a similar continental shelf

environment77.

The MM vocalizations are detected from the beamformed spectrograms and typically occupy

roughly M number of independent time-frequency pixels ∆f∆t where M varies between 3 to 24

depending on the species. We first calculate the detection probability pD,1(r) in a single frequency-

time pixel using,84, 86

pD,1(r) =

∫ +∞

−∞

fLR
(LR(r))

∫ LR(r)−DT

−∞

fLN
(LN)dLNdLR, (2)

where fLN
(LN ) is the probability density function of the log-transformed ambient noise pressure-

squared LN(t, f) = 10 log10(|PN(t, f)/Pref |
2) = SN (t, f) + 10 log10(∆f)− AG within a single

beamformed spectrogram time-frequency pixel in the frequency range of the MM vocalization,

where PN(t, f) is the noise pressure at time t within frequency bin ∆f centered at frequency f

and SN (t, f) is the omnidirectional ambient noise spectral density level; fLR
(LR(r)) is the prob-

ability density function of the received MM vocalization signal log-transformed pressure-squared

2LR(r|t, f) = 10 log10(|PR(r|t, f)/Pref |
2) = LS − TL(r) + 10 log10

∆f
B(t)

within a single beam-

formed spectrogram time-frequency pixel, where PR(r|t, f) is the received MM vocalization sig-

nal pressure, and B(t) is the instantaneous bandwidth of that signal at time t. The number of

independent beamformed spectrogram frequency-time pixels occupied by the MM vocalization

signal is related to the instantaneous bandwidth via M∆f∆t = τB(t), where τ is the signal du-

ration. An exponential-Gamma distribution74, 80, 85 describes the log-transformed ambient noise

pressure-squared and log-transformed received MM vocalization pressure-squared within a single

beamformed spectrogram time-frequency pixel,

fLN
(LN) =

1

(10 log10 e)Γ(µ)

( µ

�P 2
N�

)µ

10µLN/10 exp(−µ
10LN/10

�P 2
N�

) (3)

fLR
(LR(r)) =

1

(10 log10 e)Γ(µ)

( µ

�P 2
R(r)�

)µ

10µLR(r)/10 exp(−µ
10LR(r)/10

�P 2
R(r)�

), (4)

where µ is the time-bandwidth product or number of statistically independent fluctuations of the

respective pressure-squared quantities. Since the beamformed spectrograms have time-frequency

pixels that satisfy ∆f∆t = 1, both the ambient noise level and the received MM vocalization

signal level within each beamformed spectrogram time-frequency pixel can be treated as instanta-

neous with time-bandwidth product µ = 1 and 5.6 dB standard deviation. For the received MM

vocalization signal level, this standard deviation includes both the standard deviation of the MM

vocalization source level, as well as the standard deviation of the broadband waveguide transmis-

sion loss. The 5.6 dB standard deviation used here for the received MM vocalization signal level

is consistent with the standard deviation shown for the measured humpback song unit statistical

distribution in Fig. 17 of Ref. 7.

3
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LR(r|t, f) = 10 log10(|PR(r|t, f)/Pref |
2) = LS − TL(r) + 10 log10

∆f
B(t)

within a single beam-

formed spectrogram time-frequency pixel, where PR(r|t, f) is the received MM vocalization sig-

nal pressure, and B(t) is the instantaneous bandwidth of that signal at time t. The number of

independent beamformed spectrogram frequency-time pixels occupied by the MM vocalization

signal is related to the instantaneous bandwidth via M∆f∆t = τB(t), where τ is the signal du-

ration. An exponential-Gamma distribution74, 80, 85 describes the log-transformed ambient noise

pressure-squared and log-transformed received MM vocalization pressure-squared within a single

beamformed spectrogram time-frequency pixel,

fLN
(LN) =

1

(10 log10 e)Γ(µ)

( µ

�P 2
N�

)µ

10µLN/10 exp(−µ
10LN/10

�P 2
N�

) (3)

fLR
(LR(r)) =

1

(10 log10 e)Γ(µ)

( µ

�P 2
R(r)�

)µ

10µLR(r)/10 exp(−µ
10LR(r)/10

�P 2
R(r)�

), (4)

where µ is the time-bandwidth product or number of statistically independent fluctuations of the

respective pressure-squared quantities. Since the beamformed spectrograms have time-frequency

pixels that satisfy ∆f∆t = 1, both the ambient noise level and the received MM vocalization

signal level within each beamformed spectrogram time-frequency pixel can be treated as instanta-

neous with time-bandwidth product µ = 1 and 5.6 dB standard deviation. For the received MM

vocalization signal level, this standard deviation includes both the standard deviation of the MM

vocalization source level, as well as the standard deviation of the broadband waveguide transmis-

sion loss. The 5.6 dB standard deviation used here for the received MM vocalization signal level

is consistent with the standard deviation shown for the measured humpback song unit statistical

distribution in Fig. 17 of Ref. 7.

3

We assume the received MM vocalization signal is detectable if it stands above the ambient

noise in at least 30% of the M time-frequency pixels of the beamformed spectrogram. The overall

probability of detection, PD(r), for the MM vocalizations from each species as a function of range

r from the POAWRS receiver array is then calculated from the Gaussian approximation to the

binomial cummulative distribution function (CDF)84 as,

PD(r) = 1− Φ
( 0.3M −MpD,1(r)
√

MpD,1(r)(1− pD,1(r))

)

. (5)

where Φ(z) = 1√
2π

∫ z

−∞
e−u2/2du, and shown in Supplementary Information Fig. 1. The Gaussian

approximation to the binomial CDF is an appropriate model for the overall performance of the

detector when considering the thousands of MM vocalizations analyzed. The exponential-Gamma

distribution74, 80 for the log-transform of Gaussian field measurements, used here to model the

probability density function of the received MM vocalization level and the ambient noise level,

has been calibrated with (1) thousands of log-transformed intensity measurements from controlled

source transmissions made during the same 2006 Gulf of Maine experiment discussed here at the

same time and at the same location74, and (2) thousands of measurements made during a past

OAWRS experiment conducted in a similar continental shelf environment77.

The MM vocalization source levels Ls used here are estimated from a subset of the POAWRS

received vocalizations, in units of dB re 1 µPa at 1m, and are given by 189± 5.6 for blue and fin,

180± 5.6 for humpback, 179± 5.6 for sei, 179± 5.6 for minke, and 165± 5.6 for the odontocete

downsweep chirp signals. The MM vocalization source levels estimated here are an average over

one or several vocalization types detected by the POAWRS system, depending on the species, as

described in Methods section 2. The vocalization source level estimates here are consistent with

4
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We assume the received MM vocalization signal is detectable if it stands above the ambient

noise in at least 30% of the M time-frequency pixels of the beamformed spectrogram. The overall

probability of detection, PD(r), for the MM vocalizations from each species as a function of range

r from the POAWRS receiver array is then calculated from the Gaussian approximation to the

binomial cummulative distribution function (CDF)84 as,

PD(r) = 1− Φ
( 0.3M −MpD,1(r)
√

MpD,1(r)(1− pD,1(r))

)

. (5)

where Φ(z) = 1√
2π

∫ z

−∞
e−u2/2du, and shown in Supplementary Information Fig. 1. The Gaussian

approximation to the binomial CDF is an appropriate model for the overall performance of the

detector when considering the thousands of MM vocalizations analyzed. The exponential-Gamma

distribution74, 80 for the log-transform of Gaussian field measurements, used here to model the

probability density function of the received MM vocalization level and the ambient noise level,

has been calibrated with (1) thousands of log-transformed intensity measurements from controlled

source transmissions made during the same 2006 Gulf of Maine experiment discussed here at the

same time and at the same location74, and (2) thousands of measurements made during a past

OAWRS experiment conducted in a similar continental shelf environment77.

The MM vocalization source levels Ls used here are estimated from a subset of the POAWRS

received vocalizations, in units of dB re 1 µPa at 1m, and are given by 189± 5.6 for blue and fin,

180± 5.6 for humpback, 179± 5.6 for sei, 179± 5.6 for minke, and 165± 5.6 for the odontocete

downsweep chirp signals. The MM vocalization source levels estimated here are an average over

one or several vocalization types detected by the POAWRS system, depending on the species, as

described in Methods section 2. The vocalization source level estimates here are consistent with

4previous estimates for blue and fin87, 88, humpback7, and sei89. The omnidirectional ambient noise

spectral density levels SN (f) are estimated directly from the POAWRS receiver array using data

segments that are devoid of MM vococalizations. The SN (f) (in units of dB re 1 µPa2/Hz) are

roughly 80± 5.6 for fin, 76± 5.6 for blue and sei, 69± 5.6 for minke, 64± 5.6 for humpback, and

50± 5.6 for odontocetes.
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Supplementary Information Figure 1 | The azimuthally-dependent POAWRS MM vocaliza-

tion probability of detection contours for diverse species. The vast majority of MM vocaliza-
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tions in Figs. 1 and 2 originate in areas where the POAWRS receiver array has greater than 0.9

probability of detection. The bathymetric data (contours shown in gray) are obtained from the

U.S. National Centers for Environmental Information.

II. POAWRS and OAWRS sampling of annually occuring Fall season MM foraging and fish

spawning activity on the northern flank of Georges Bank. The POAWRS system sampled at

8,000 samples per second over roughly 10-16 hours each day for 13 days over 64 directions, which

leads to over 200 billion independent time sampling points. This large data set shows sequences

of correlated spatial events over thousands of square kilometers where no whale vocalizations are

present in bounded regions, versus sequences of correlated spatial events over thousands of square

kilometers where vocalizations are present, consistently over thousands of independent tempo-

ral snapshots of the POAWRS survey region, as seen in Figs. 1-4 and Extended Data Figs. 1-8.

Such a large sequence of correlated events has a negligligbly small probability of being a false

positive result due to random fluctuation. When this finding of correlated spatial segmentation

is combined with the large body of existing measurements that: (1) herring are observed to con-

sistently spawn on the Northern Flank of Georges Bank each fall over many decades9, 12–16, 32–34;

(2) whales (humpback, fin, sei, minke and various odontocetes) are consistently observed visu-

ally to migrate and feed on spawning herring during their spawning period in various parts of

the world9, 18, 24, 28, 29, 34, 57, 101–105; (3) the seasonal high population density regions visually observed

over decades10, 99 for the same whale species of this study are consistent with those of the high

resolution, wide-area POAWRS findings of this study; the correlated space-time behavior that we

observed between whales and herring is expected to be highly repeatable annually in the fall, and

7
the probability that it is not highly repeatable is expected to be negligibly small.

III. MM diel, diurnal, and nocturnal spatial vocalization rate distributions. The vocal MMs

are found to be concentrated in species-specific population centers with varying degrees of spatial

overlap that can vary over the diel cycle depending on the species (see Figs. 1-2 and Supplemen-

tary Information Figs. 2, 3 and 4). The fins occupy a central location with high vocal activity

concentrated on north-central Georges Bank and west of Georges Basin areas. The humpacks

flank the fin distribution on both sides with partial overlap and vocal activity concentrated primar-

ily on northeastern Georges Bank, and a lesser concentration spread over Franklin Basin to the

Great South Channel. The densest concentration of blue vocalizations partially overlap with those

of fin between Georges and Rodgers Basins. The minkes maintain relatively high vocal activity

on north-central Georges Bank throughout the diel cycle, partially overlapping with densest fin

concentrations at night. The densest sei vocalization concentrations occur during the day between

Georges and Rodgers Basins. The odontocetes are distributed over the entire northern Georges

Bank with several hotspots in the eastern, central and western sectors. Note that the units for the

humpback whale call rate density distribution shown in Figs. 1-3 and 13 of Ref. 7 is a typographical

error and should be (# calls)/[(min)(5nmi)2].

8



W W W. N A T U R E . C O M / N A T U R E  |  7

SUPPLEMENTARY INFORMATION RESEARCHthe probability that it is not highly repeatable is expected to be negligibly small.
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overlap that can vary over the diel cycle depending on the species (see Figs. 1-2 and Supplemen-

tary Information Figs. 2, 3 and 4). The fins occupy a central location with high vocal activity

concentrated on north-central Georges Bank and west of Georges Basin areas. The humpacks

flank the fin distribution on both sides with partial overlap and vocal activity concentrated primar-

ily on northeastern Georges Bank, and a lesser concentration spread over Franklin Basin to the

Great South Channel. The densest concentration of blue vocalizations partially overlap with those

of fin between Georges and Rodgers Basins. The minkes maintain relatively high vocal activity

on north-central Georges Bank throughout the diel cycle, partially overlapping with densest fin

concentrations at night. The densest sei vocalization concentrations occur during the day between

Georges and Rodgers Basins. The odontocetes are distributed over the entire northern Georges

Bank with several hotspots in the eastern, central and western sectors. Note that the units for the

humpback whale call rate density distribution shown in Figs. 1-3 and 13 of Ref. 7 is a typographical

error and should be (# calls)/[(min)(5nmi)2].
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Supplementary Information Figure 2 | Full diel cycle vocalization rate spatial distribution of

diverse MM species overlain with spawning herring distribution. Dense herring shoals (> 0.2

fish/m2, red shaded areas) imaged using OAWRS system12, 13 and diffuse herring populations (∼

0.053 fish/m2, bounded by magenta line) obtained from conventional fish finding sonar15, 16. The

modelled POAWRS MM vocalization 0.8 POD (solid black) and 0.2 POD (dashed gray) contours

9
are indicated for each species. The bathymetric data (contours shown in gray) are obtained from

the U.S. National Centers for Environmental Information.

Supplementary Information Figure 3 | Diurnal vocalization rate spatial distribution of di-

verse MM species overlain with diurnal herring populations. Dense herring shoals (> 0.2

10
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are indicated for each species. The bathymetric data (contours shown in gray) are obtained from

the U.S. National Centers for Environmental Information.

Supplementary Information Figure 3 | Diurnal vocalization rate spatial distribution of di-

verse MM species overlain with diurnal herring populations. Dense herring shoals (> 0.2

10

fish/m2, red shaed areas)12, 13, and diffuse herring populations (∼ 0.053 fish/m2, bounded by ma-

genta line)15, 16 are shown. The modelled POAWRS MM vocalization 0.8 POD (solid black) and

0.2 POD (dashed gray) contours are indicated for each species. The bathymetric data (contours

shown in gray) are obtained from the U.S. National Centers for Environmental Information.
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fish/m2, red shaed areas)12, 13, and diffuse herring populations (∼ 0.053 fish/m2, bounded by ma-

genta line)15, 16 are shown. The modelled POAWRS MM vocalization 0.8 POD (solid black) and

0.2 POD (dashed gray) contours are indicated for each species. The bathymetric data (contours

shown in gray) are obtained from the U.S. National Centers for Environmental Information.

11

Supplementary Information Figure 4 | Nocturnal vocalization rate spatial distribution of

diverse MM species overlain with nocturnal herring populations. Dense herring shoals (>

0.2 fish/m2, red shaed areas)12, 13, and diffuse herring populations (∼ 0.053 fish/m2, bounded by

magenta line)15, 16 are shown. The modelled POAWRS MM vocalization 0.8 POD (solid black) and

0.2 POD (dashed gray) contours are indicated for each species. The bathymetric data (contours

shown in gray) are obtained from the U.S. National Centers for Environmental Information.

In regions where the probability of detection (POD) is lower due to unfavorable transmission,

the POAWRS system will have a lower probability of detecting vocalizing MMs. Similarly, when

the POD is high due to favorable transmission and no detections are made, there is high confidence

that no vocalizing MMs are present. For humpbacks, odontocedes and minkes, the 100% to 80%

POD region extends well to the north and south of the region where call rates are detected for these

species by 40 km to over 100 km, and by at least 10-20 km for seis and blues. This gives confidence

to the findings quantified in Fig. 3(B) that the call rates for these species originate primarily in the

vicinity of dense herring shoals. For fins, the 100%-80% POD region extends more than 80 km

to the north of where calls are detected. To the south, however, a small fraction of fin calls (6%)

are detected in areas where the probability of detection due to unfavorable transmission is lower

than 80%. The POD-normalized fin diel call rate spatial distribution shown in Extended Data Fig.

5(B) is almost identical to that in Extended Data Fig. 2(B) without the POD normalizations, except

for the southern-most tips of the fin call rate spatial distribution where the call rate densities are

enhanced by a factor of roughly 1.5 from POD normalizations, i.e. call rate density divided by

POD at a given location. The MM call rate spatial distributions obtained here are consistent with

12
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Supplementary Information Figure 4 | Nocturnal vocalization rate spatial distribution of

diverse MM species overlain with nocturnal herring populations. Dense herring shoals (>

0.2 fish/m2, red shaed areas)12, 13, and diffuse herring populations (∼ 0.053 fish/m2, bounded by

magenta line)15, 16 are shown. The modelled POAWRS MM vocalization 0.8 POD (solid black) and

0.2 POD (dashed gray) contours are indicated for each species. The bathymetric data (contours

shown in gray) are obtained from the U.S. National Centers for Environmental Information.

In regions where the probability of detection (POD) is lower due to unfavorable transmission,

the POAWRS system will have a lower probability of detecting vocalizing MMs. Similarly, when

the POD is high due to favorable transmission and no detections are made, there is high confidence

that no vocalizing MMs are present. For humpbacks, odontocedes and minkes, the 100% to 80%

POD region extends well to the north and south of the region where call rates are detected for these

species by 40 km to over 100 km, and by at least 10-20 km for seis and blues. This gives confidence

to the findings quantified in Fig. 3(B) that the call rates for these species originate primarily in the

vicinity of dense herring shoals. For fins, the 100%-80% POD region extends more than 80 km

to the north of where calls are detected. To the south, however, a small fraction of fin calls (6%)

are detected in areas where the probability of detection due to unfavorable transmission is lower

than 80%. The POD-normalized fin diel call rate spatial distribution shown in Extended Data Fig.

5(B) is almost identical to that in Extended Data Fig. 2(B) without the POD normalizations, except

for the southern-most tips of the fin call rate spatial distribution where the call rate densities are

enhanced by a factor of roughly 1.5 from POD normalizations, i.e. call rate density divided by

POD at a given location. The MM call rate spatial distributions obtained here are consistent with

12
historical distributions which show very low occurrence for all baleen whale species in central

and southern Georges Bank based on 30 years of visual surveys (see Fig. 5.3.8 of Ref. 99). These

overall findings are also consistent with year round visual surveys of MMs in the US northeastern

continental shelf, including the Georges Bank region, from 1980 to 1983 which found large baleen

whales concentrated in areas where the mean water depth106 ranged from 91 m to 147 m. A poor

transmission environment for a given MM species is suboptimal for the acoustic communications

of that species and may be less favored by the species. The shallow waters of central Georges Bank

are also dangerous for ships as well as large MMs due to the presence of highly variable sand bars

which vary with weather conditions and so may be less favored. In other parts of the worlds ocean,

such as the Gulf of California107, the Antarctic Seas108 and the Mediteranean Seas109, fins whales

are found concentrated in water depths much deeper than 100 m.

13
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historical distributions which show very low occurrence for all baleen whale species in central

and southern Georges Bank based on 30 years of visual surveys (see Fig. 5.3.8 of Ref. 99). These

overall findings are also consistent with year round visual surveys of MMs in the US northeastern

continental shelf, including the Georges Bank region, from 1980 to 1983 which found large baleen

whales concentrated in areas where the mean water depth106 ranged from 91 m to 147 m. A poor

transmission environment for a given MM species is suboptimal for the acoustic communications

of that species and may be less favored by the species. The shallow waters of central Georges Bank

are also dangerous for ships as well as large MMs due to the presence of highly variable sand bars

which vary with weather conditions and so may be less favored. In other parts of the worlds ocean,

such as the Gulf of California107, the Antarctic Seas108 and the Mediteranean Seas109, fins whales

are found concentrated in water depths much deeper than 100 m.
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Supplementary Information Figure 5 | POD-normalized full diel cycle vocalization rate spa-

tial distribution of diverse MM species. The POD-normalized diel MM vocalization rate spatial

distributions for diverse species are similar to those without POD normalizations shown in Sup-

plementary Information Fig. 2. All other contours and overlays shown here are identical to those

in Supplementary Information Fig. 2. The bathymetric data (contours shown in gray) are obtained

14
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from the U.S. National Centers for Environmental Information.

IV. Consistency between MM acoustic cue production rate and areal population density. His-

torical Fall season visual surveys (1970-2005) of MMs in the Gulf of Maine99, 106 are consistent

with the overall volume of calls measured each day by the POAWRS receiver array for each species

after accounting for the acoustic cue production rate per individual of each species, which is also

found to be consistent with previous measurements42–45, 57, 88, 110. This visual data can be used to

infer the areal population density of MMs which, in units of abundance per 1000 km2 in their

densest region shown in Fig. 1, is expected to range from 25 to 50 for humpbacks, 10 to 22 for fins,

4 to 16 for minkes, and 3 to 24 for seis52. For pilot whales, their population density is expected to

exceed 243 per 1000 km2. The overall population density for delphinids is expected to exceed 540

per 1000 km2.

The historical sightings per unit effort (SPUE, in units of abundance per 1000 km of sur-

vey track) values provided for the Fall season hotspot areas on northern Georges Bank in Ref. 99

for each species were converted to areal population density nA after accounting for the perpen-

dicular sighting distances111, 112 expected for each species via nA = SPUE
1000×2µ

1000. Here µ is the

effective113, 114 perpendicular sighting distance or effective strip half-width30, 111 obtained from a

rectangular approximation to the perpendicular sighting distance distribution, and estimated to be

µ ≈ 1.6 km for large, µ ≈ 1.25 km for medium, and µ ≈ 0.6 km for small cetaceans respec-

tively, taking an average of the effective strip half-widths reported in Refs. 106, 115, 116 determined

from line-transect sighting surveys. The areal population density estimates for various MM species

15

obtained here are within the range reported in Ref. 106 for the Georges Bank region in the Fall sea-

son based on visual observations over years 1980-1983. Since these estimates are dependent on

the perpendicular sighting distances, which can vary with sea state, weather condition, experience

level of the visual observer and observation deck height106, 116, and potentially have other unquan-

tified sources of uncertainty, they are rough approximations that are expected to vary by at least

a factor of 2 given the factor of 1/2 to 2 variation reported in measured perpendicular sighting

distances (see Table 11 of Ref. 106). More accurate wide-area MM population density estimates

can be obtained with the POAWRS system when coincident visual observations or coincident data

from acoustically tagged whales are combined in the analysis.

Even if a combined areal population density of fins and humpbacks is a factor of 7 to 15 times

smaller than the areal population density of the delphinids, these large baleen whales can have

significant consumption impact, consistent with the proposition9 that fins and humpbacks are the

dominant MM consumers. This is because a single large baleen whale can engulf several hundred

to a few thousand herring in one gulp via filter feeding, while a delphinid generally consumes a

single fish with its teeth at any given time28, 29. As can be noted from Extended Data Table 1, fins

and humpbacks in close vicinity to herring shoals together account for over 70% of the total volume

of MM vocalizations recorded by POAWRS at frequencies of up to 4 kHz, which is consistent with

a significant role in herring consumption.

Given the population density estimate, we can estimate the mean acoustic cue production

rate per individual of each species (Supplementary Information Table 1). These mean call rates per

16
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individual lie within the span observed for fin42–45, 88 and humpback57, 110 when both the vocal and

non-vocal MMs that were observed are included in the averaging. (No prior results found for sei

and minke.)

V. Zooplankton distribution. Plankton samples from the Gulf of Maine117–120 were collected at

various stations with a 61 cm diameter circular bongo frame fitted with a net of 0.333 mm mesh.

The gear was towed obliquely at 1.5 knots to a maximum depth of 200 m or 5 m from the bottom

and back to the surface, which ever was less. A flowmeter was suspended in the centre of the

bongo frame to measure the volume of water filtered during the tow. Specimens were preserved

in 5% formalin. Samples were reduced to approximately 500 organisms by subsampling with a

modified box splitter in the laboratory. Zooplankton were sorted, counted, and identified to the

lowest possible taxa at the Polish Plankton Sorting Centre in Szczecin, Poland. Abundance is

expressed as number per m3. The results from 249 samples from stations approximately 2-40 km

apart acquired in the time period from Jul 01 to Oct 31, 2006117–119 are considered here.

The Fall season Sep.–Oct. 2006 total zooplankton abundance measurements for the area

shown in Figs. 1-2 have a mean volumetric density of roughly 715± 550 /m3, which include

Centropages typicus (200±190 /m3), Centropages hamatus (130±350 /m3), Paracalanus parvus

(90±70 /m3), siphonophores (50±140 /m3), Calanus finmarchicus (35±55 /m3), and euphausids

(13±37 /m3) (see Supplementary Information Fig. 6). This range of total zooplankton densities

are typical for the fall season in this area, a factor of roughly three to eight times smaller than those

occuring in the summer months117, 118 of Jul.-Aug. 2006, which had a mean of roughly 2200±

17

obtained here are within the range reported in Ref. 106 for the Georges Bank region in the Fall sea-

son based on visual observations over years 1980-1983. Since these estimates are dependent on

the perpendicular sighting distances, which can vary with sea state, weather condition, experience
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individual lie within the span observed for fin42–45, 88 and humpback57, 110 when both the vocal and

non-vocal MMs that were observed are included in the averaging. (No prior results found for sei

and minke.)

V. Zooplankton distribution. Plankton samples from the Gulf of Maine117–120 were collected at

various stations with a 61 cm diameter circular bongo frame fitted with a net of 0.333 mm mesh.

The gear was towed obliquely at 1.5 knots to a maximum depth of 200 m or 5 m from the bottom

and back to the surface, which ever was less. A flowmeter was suspended in the centre of the

bongo frame to measure the volume of water filtered during the tow. Specimens were preserved

in 5% formalin. Samples were reduced to approximately 500 organisms by subsampling with a

modified box splitter in the laboratory. Zooplankton were sorted, counted, and identified to the

lowest possible taxa at the Polish Plankton Sorting Centre in Szczecin, Poland. Abundance is

expressed as number per m3. The results from 249 samples from stations approximately 2-40 km

apart acquired in the time period from Jul 01 to Oct 31, 2006117–119 are considered here.

The Fall season Sep.–Oct. 2006 total zooplankton abundance measurements for the area

shown in Figs. 1-2 have a mean volumetric density of roughly 715± 550 /m3, which include

Centropages typicus (200±190 /m3), Centropages hamatus (130±350 /m3), Paracalanus parvus

(90±70 /m3), siphonophores (50±140 /m3), Calanus finmarchicus (35±55 /m3), and euphausids

(13±37 /m3) (see Supplementary Information Fig. 6). This range of total zooplankton densities

are typical for the fall season in this area, a factor of roughly three to eight times smaller than those

occuring in the summer months117, 118 of Jul.-Aug. 2006, which had a mean of roughly 2200±

17

2250 /m3 in 2006. The Sep.–Oct. 2006 total zooplankton volumetric densities are equivalent those

found in areas where baleen whales are less likely to feed on zooplankton. The total zooplankton

densities found in baleen whale zooplankton-feeding areas20, 21, 121–124 are significantly higher, and

typically range from 4,000/m3 to over 10,000/m3.
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Supplementary Information Figure 6 | Measured total zooplankton volumetric density. Zoo-

plankton density in units of abundance/m3 are shown for (A) July-August and (B) September-
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2250 /m3 in 2006. The Sep.–Oct. 2006 total zooplankton volumetric densities are equivalent those

found in areas where baleen whales are less likely to feed on zooplankton. The total zooplankton

densities found in baleen whale zooplankton-feeding areas20, 21, 121–124 are significantly higher, and

typically range from 4,000/m3 to over 10,000/m3.
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October 2006 time frames from bongo net sampling at locations117–119 indicated by the plus symbol

in (C). The bathymetric data (contours shown in gray) are obtained from the U.S. National Centers

for Environmental Information.

MM species cMM,total,peak (calls/min) cMM,ind (calls/min per individual)

fin 14.2 ± 2 0.55 – 1.6

humpback 3.6± 0.6 0.06 – 0.2

minke 1.4± 0.6 0.05 – 0.5

sei 0.8± 0.7 0.004 – 0.5

Supplementary Information Table 1 | MM population and individual call rates POAWRS-

measured peak call rates cMM,total,peak (from Fig. 4 and Extended Data Fig. 7), and estimated

mean individual acoustic cue production rates cMM,ind for diverse MM species. For minkes, their

call rates refer to the number of 5 second duration buzz sequences expected per minute.
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