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Abstract
We show that humpback-whale vocalization behavior is synchronous with peak annual Atlantic herring spawning processes
in the Gulf of Maine. With a passive, wide-aperture, densely-sampled, coherent hydrophone array towed north of Georges
Bank in a Fall 2006 Ocean Acoustic Waveguide Remote Sensing (OAWRS) experiment, vocalizing whales could be
instantaneously detected and localized over most of the Gulf of Maine ecosystem in a roughly 400-km diameter area by
introducing array gain, of 18 dB, orders of magnitude higher than previously available in acoustic whale sensing. With
humpback-whale vocalizations consistently recorded at roughly 2000/day, we show that vocalizing humpbacks (i) were
overwhelmingly distributed along the northern flank of Georges Bank, coinciding with the peak spawning time and location
of Atlantic herring, and (ii) their overall vocalization behavior was strongly diurnal, synchronous with the formation of large
nocturnal herring shoals, with a call rate roughly ten-times higher at night than during the day. Humpback-whale
vocalizations were comprised of (1) highly diurnal non-song calls, suited to hunting and feeding behavior, and (2) songs,
which had constant occurrence rate over a diurnal cycle, invariant to diurnal herring shoaling. Before and during OAWRS
survey transmissions: (a) no vocalizing whales were found at Stellwagen Bank, which had negligible herring populations,
and (b) a constant humpback-whale song occurrence rate indicates the transmissions had no effect on humpback song.
These measurements contradict the conclusions of Risch et al. Our analysis indicates that (a) the song occurrence variation
reported in Risch et al. is consistent with natural causes other than sonar, (b) the reducing change in song reported in Risch
et al. occurred days before the sonar survey began, and (c) the Risch et al. method lacks the statistical significance to draw
the conclusions of Risch et al. because it has a 98–100% false-positive rate and lacks any true-positive confirmation.
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so monitor vocalization behavior over an ecosystem scale. This
was possible because we used a large-aperture, densely-sampled,
coherent hydrophone array with orders of magnitude higher array
gain [20–25] than previously available in acoustic whale sensing.
We detected roughly 2000 humpback whale vocalizations per day
and used these to determine the corresponding whale locations
over time by introducing a synthetic aperture tracking technique
[26–29] and the array invariant method [30] to the whale sensing
problem.

Introduction
Passive acoustic survey methods employing hydrophones at
fixed locations [1–15] or mobile platforms [16,17] have been
widely used to detect, localize, track and study the behavior [1–
9,13–15] and abundance [4,10–12] of whales. With our array
situated on the northern flank of Georges Bank from September
19 to October 6, 2006 [18,19], we could detect and localize
vocalizing whales over most of the Gulf of Maine, a roughly 400km diameter area, including Georges and Stellwagen Banks, and
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We find that the distribution of the vast majority of vocalizing
humpback whales coincided with the primary time and location of
Atlantic herring during their peak annual spawning period.
During daylight hours, herring were found to be dispersed on
the seafloor in deeper waters over wide areas of Georges Bank’s
northern flank [18]. At sunset, they would then rise and converge
to form dense and massive evening shoals, which migrated to the
shallow waters of Georges Bank for spawning, following a regular
diurnal pattern [18]. We find the humpback whale vocalization
behavior followed a similarly strong diurnal pattern, temporally
and spatially synchronous with the herring shoal formation
process, with vocalization rates roughly ten times higher at night
than during daylight hours. At night, most humpback whale
vocalizations originated from concentrated regions with dense
evening herring shoals, while during daytime, their origins were
more widely distributed over areas with significant but diffuse preshoal herring populations. These vocalizations are comprised of: (i)
non-song calls, dominated by repetitive downsweep ‘‘meows’’
(approximately 1.44 second duration, 452 Hz center frequency,
170 Hz bandwidth, and 31 second repetition rate) which
apparently have not been previously observed; and (ii) songs [2].
The repetitive non-song calls were highly diurnal and synchronous
with the herring shoal formation process, consistent with hunting
and feeding behavior. In contrast, songs occurred at a constant
rate with no diurnal variation, and are apparently unrelated to
feeding and the highly diurnal herring spawning activities.
Before and during Ocean Acoustic Waveguide Remote Sensing
(OAWRS) survey transmissions [18,19], we measured constant
humpback whale song occurrence, indicating these transmissions
had no effect on humpback whale song. In addition, our data
shows no humpback whale vocal activity originating from
Stellwagen Bank, which had negligible herring populations
[31,32], but vocalizing humpbacks located near Georges Bank,
which had dense and decadally high herring populations [31],
could be heard at Stellwagen Bank. These results are consistent
with previous observations of humpback whale feeding activity in
the Gulf of Maine and Stellwagen Bank which show humpback
whales leave Stellwagen Bank for other regions plentiful in herring
for feeding during the herring spawning season [33]. These results,
however, contradict the conclusions of Risch et al. [34]. To
investigate this contradiction, the Risch et al. statistical test [34] is
applied to the annual humpback whale song occurrence time
series reported from single sensor detections at Stellwagen Bank in
time dependent ambient noise published by Vu et al. [35] and
shown to false-positively find that humpback whales react to sonar
98–100% of the time over a yearly period when no sonars are
present. A simple explanation for this severe statistical bias [36,37]
is found upon inspection of the Vu et al. [35] multi-annual
humpback whale song occurrence time series. The reported time
series [35] have (i) inconsistencies in trend, (ii) large differences in
song occurrence, and (iii) random correlation between years when
no sonar is present. This shows that 98–100% of the time, the
approach used in Risch et al. [34] mistakes natural variations in
song occurrence for changes caused by sonar when no sonar is
present. When the Risch et al. statistical test [34] is applied to the
same humpback whale song occurrence data reported in Risch
et al. [34] for 2008 and 2009, it false-positively finds humpback
whales respond to sonar 100% of the time when no sonar is
present. With the 98–100% false positive rate and the lack of any
true positive confirmation for the Risch et al. statistical approach
[34], the analysis of Risch et al. [34] lacks the statistical
significance to draw the conclusions found in Risch et al. [34].
The fact that the reported reducing change in humpback whale
song occurrence, to zero [34,35], occurred while the OAWRS
PLOS ONE | www.plosone.org

vessels were docked on the other side of Cape Cod from
Stellwagen Bank, at the Woods Hole Oceanographic Institution,
due to severe winds, days before OAWRS transmissions for active
surveying began on September 26, 2006, yet no other explanation
for this reduction than sonar is provided in Risch et al. [34], is
consistent with a violation of temporal causality in the Risch et al.
[34] study. Our data analysis indicates that the change in
humpback whale song occurrence Risch et al. [34] reported is
consistent with wind-dependent noise [20,23,38,39] limiting the
single-hydrophone measurements of Risch et al. [34] to a small
wind-speed-dependent fraction of the singing humpback whales
and songs detected by our densely sampled, large aperture,
coherent array. These findings are all consistent with the constant
humpback whale song occurrence rates before and during
OAWRS survey transmissions found with our wide-area towed
array measurements.

Results and Discussion
2.1 Humpback whale behavior is synchronous with
herring spawning processes during the peak annual
Atlantic herring spawning period in the Gulf of Maine
Vocalizing humpback whales and spawning herring populations
[18,19] were simultaneously localized and imaged over thousands
of square kilometers during the peak annual spawning period of
Atlantic herring in the Gulf of Maine by instantaneous passive and
active OAWRS [18,40,41] techniques respectively in the Fall of
2006. We find humpback whale behavior in the Gulf of Maine to
be highly coupled to peak herring spawning activities, which last
for roughly one week but whose inception can vary [42,43] by
many weeks from year to year. This coupled humpback whale and
herring behavior occurs over too short a period to be accurately
resolved by available seasonal, yearly or decadal averages [44,45],
but can be well resolved by OAWRS methods. The high array
gain [20–25] of the densely sampled large aperture coherent
OAWRS passive receiver array used here enables detection of
whale vocalizations either two orders of magnitude more distant in
range or lower in signal-to-noise ratio (SNR) than a single
hydrophone (Sections 3.1 and 3.5), which has no array gain. The
array used here has 160 hydrophones with 4 nested 64hydrophone subapertures. We determined whale bearings by
beamforming and ranges by applying the instantaneous array
invariant method [30] and synthetic aperture tracking techniques
[26–29,46] to the whale sensing problem, leading to the spatial
distribution of humpback whale call rate density shown in
Figures 1, 2 and 3 over the period from September 22 to October
6, 2006, which coincided exactly with the peak annual herring
spawning period [42]. Humpbacks are identified based on
presence of song, as well as appropriate frequency content,
duration, signature and repetition rate of calls.
We find that the vast majority of vocalizing humpback whales
were spatially distributed in regions coinciding with the primary
aggregations of spawning herring during the peak annual herring
spawning period [18,42] in the Gulf of Maine (Figure 1). During
this period, spawning herring populations instantaneously imaged
by the active OAWRS system were found to regularly form
massive dense shoals during evening hours along the northern
flank of Georges Bank between water depths of 50 m and 200 m,
which constituted the favorable shoal formation areas [18,19]
(Figure 1). Water depths of 160 to 200 m were favored by
spawning herring to form dense and massive evening shoals (.
0.20 fish/m2), before migration to shallower water (<50 m)
spawning grounds on Georges Bank [18]. The more diffusely
scattered herring populations with lower areal population density
2
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Figure 1. Distributions of vocalizing humpback whales and spawning herring populations in Fall 2006. Spatial distribution of vocalizing
humpback whales coincides with the time and location of spawning Atlantic herring distributions in Fall 2006. Humpback whale vocalizations are
found to be distributed along the northern flank of Georges Bank, coinciding with dense herring shoals (.0.20 fish/m2, red shaded areas) imaged
using active OAWRS system [18] and diffuse herring populations (<0.053 fish/m2, bounded by magenta line) obtained from conventional fish finding
sonar (CFFS) line-transect data from NEFSC Annual Fall Herring Surveys [18,63]. The green shaded areas indicate the overall humpback whale call rate
densities (number of calls/[(min) (50 nmi)2]) measured with our large aperture array. All data represent means between September 22 and October 6,
2006. The dashed magenta line represents the southern bound of the NEFSC survey tracks [18,63]. The black trapezoid indicates Stellwagen Bank
[158].
doi:10.1371/journal.pone.0104733.g001

(<0.053 fish/m2) were found to be widely distributed between
water depths of 50 m and 300 m, which include dense shoal
formation areas [18], by concurrent Northeast Fisheries Science
Center (NEFSC) line-transect ultrasound and trawl surveys [47],
as shown in Figures 1, 2, and 3. At night, most vocalizing
humpback whales were also found to be concentrated within water
depths of 50 m to 300 m, in close proximity to the dense evening
herring shoals (Figure 3). During daytime, vocalizing humpbacks
were widely distributed within regions containing the more diffuse
pre-shoal herring populations on the northern flank of Georges
Bank and the Great South Channel (Figure 2). The observed high
spatial correlation between the distribution of vocalizing humpback whales and the primary spawning herring populations in the
Gulf of Maine is consistent with a mass feeding of humpback
whales on herring that is synchronized with the peak herring
spawning processes.
We find humpback whale vocalization behavior follows a strong
diurnal pattern that is temporally synchronous with the regular
herring shoal formation process [18]. The diurnal pattern is
quantified by vocalization rates roughly ten times higher at night
than during daylight hours (Figure 4(A)). The synchronization is
quantified by a high correlation (0.82 at 0–15 minute time lag in
Figure 4(B)) between time series of spawning herring shoal
population density and humpback whale call rate (Figure 4(A)).
The mechanisms behind the observed synchronized diurnal
pattern between humpback whales and spawning herring can be
understood by examining the shoal formation process. In daytime,
the herring are more widely distributed within thin layers roughly
5 m from the seafloor (on average 0.053 fish/m2) in deeper waters
on the northern flank of Georges Bank (Figure 2A of Ref. [18]).
PLOS ONE | www.plosone.org

Near sunset local convergences of population density reach a
critical threshold of 0.2 fish/m2 after which coherent shoal
formation waves appear (Figures 1 to 3 of Ref. [18]) and areal
population density drastically increases at a rate of roughly 5 fish/
m2 per hour (Figure 3 of Ref. [18]) to form dense and massive
shoals. Shoal formation in deeper waters after dusk allows herring
spawning activities to proceed under the cover of darkness with
reduced risk of predator attack [48,49]. The resulting roughly 50fold increase in the areal population density of herring shoals,
triggered by reduction in light levels, is closely followed (within
15 minutes) by a sudden order of magnitude increase in
humpback whale call rate, as shown in Figure 4. The corresponding spatial focusing of vocalizing humpback whales from regions
containing the overall dispersed herring populations in the day to
those with dense shoals at night has been shown in Figures 2 to 3.
Evening humpback whale vocalization rates remain high during
the subsequent migration of herring shoals toward shallower
spawning grounds on Georges Bank [18], and throughout the
night until herring shoals dissipate as light levels increase at sunrise
[18] (Figure 4). These findings are consistent with a feedingbehavior cause for the elevated humpback whale nocturnal
vocalization rates and spatial focusing on dense shoals. The
findings of vocal humpback whales exclusively in the vicinity of
large spawning herring aggregates during the peak annual herring
spawning period, and diurnal vocalization rates synchronized with
diurnal herring spawning processes, also provide substantial
evidence in favor of the theory that humpback whales leave areas
with negligible herring populations, and migrate to primary
herring spawning grounds in the Gulf of Maine where large
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Figure 2. Daytime distributions of vocalizing humpback whales and diffuse herring populations. Spatial distribution of vocalizing
humpback whales coincides with the locations of diffuse herring populations during daytime hours. In daylight, the vast majority of the humpback
whale vocalizations originate within areas containing diffuse herring populations (<0.053 fish/m2, bounded by magenta line) [63]. The green shaded
areas indicate the daytime humpback whale call rate densities (number of calls/[(min) (50 nmi)2]) measured with our large aperture array. All data
represent daytime means between September 22 and October 6, 2006. The dashed magenta line represents the southern bound of the NEFSC survey
tracks [18,63]. The daytime hours are between sunrise and sunset (06:00:01 to 18:00:00 EDT). The black trapezoid indicates Stellwagen Bank [158].
doi:10.1371/journal.pone.0104733.g002

modulated introductory and ending sections, separated by a
relatively longer middle section with less frequency modulation,
making them significantly different from the observed ‘‘meows.’’
Individually uttered ‘‘meows’’, which only occurred intermittently
with no pattern, were observed over the full diurnal cycle, and
were far less numerous than repetitive ‘‘meows’’ uttered in series.
The ‘‘bow-shaped’’ calls are the second most abundant humpback
whale non-song vocalizations observed at night. Similar to the
repetitive ‘‘meows,’’ they are also primarily uttered in series at
night. The ‘‘bow-shaped’’ calls are characterized by a repetition
interval of roughly 58 seconds, a roughly 2.36 second duration, a
frequency modulated (511 to 367 Hz) main downsweep section
followed by a short upsweep coda (Figure 6(B)), and a repetition
interval roughly 2 times longer than that of the repetitive
‘‘meows’’. The humpback whale ‘‘feeding cries’’ we observed are
characterized by a roughly 3.18 second duration, frequency
oscillating main pulse followed by a short highly frequency
modulated coda (Figure 6(C)). They occurred only at night but far
less frequently than the repetitive ‘‘meows’’ and ‘‘bow-shaped’’
calls, with a repetition interval of roughly 11 minutes. The
‘‘feeding cries’’ we observed are similar in frequency band and
duration to individual ‘‘cries’’ previously observed in Alaskan
humpback whale cooperative feeding [66], which is consistent with
the calls we observed being related to cooperative humpback
whale feeding on spawning herring.
Humpback whale songs (Figure 8) were found to lack diurnal
variation across our observations during the peak annual herring
spawning period (Figure 5), which is consistent with an invariance
of singing behavior to diurnal feeding activities. Months before the
herring spawning season and far from prime herring spawning
grounds, absence of diurnal variation was previously observed in
humpback whales singing north of the Great South Channel,

herring populations make hunting and feeding far more efficient
[33].
The diurnal nature of observed humpback whale vocalizations
(Figure 4) is comprised of a three-fold occurrence rate increase of
repetitive non-song calls at night (Figure 5), which is consistent
with communication [50–52] or prey echolocation [50,51,53]
during feeding activities. ‘‘Meows’’ are the most frequently
recorded non-song calls at night, followed by ‘‘bow-shaped’’ calls
and ‘‘feeding cries’’. Repetitive ‘‘meows’’ are primarily uttered in
series at night, in spatial and temporal synchronization with the
formation of large spawning herring shoals. They are characterized by roughly 1.44 second duration, frequency modulated
(537 Hz to 367 Hz) downsweep signals repeated at roughly 31
second intervals (Figures 6(A) and 7). Apparently, they have not
been previously observed. These ‘‘meows’’ have significantly
different spectral-temporal structure from ‘‘Megapclicks’’ [54],
which are of much higher frequency, higher repetition rate, and
lower source level, and have been previously associated with
evening foraging activities. It has been suggested in Ref. [54] that
‘‘Megapclicks’’ could be ‘‘useful for some form of rough acoustic
detection such as identifying the seafloor or other large target.’’
Apart from communication, another possible function of ‘‘meows’’
could be to detect large targets, in particular large prey
aggregations. Moreover, the range resolution for acoustic sensing
using the finite time duration ‘‘meow’’ calls is cT/2<1 km
[18,21,26,27,40,55–62], without matched filter pulse compression,
where c is the sound speed and T is the time duration of the
‘‘meows,’’ and so is consistent with echolocation of large herring
shoals that typically exceed 1 km in horizontal extent [18,19,63–
65]. Previously observed humpback whale ‘‘cries’’ [66] of roughly
0.4–8.2 second duration occur in a frequency band overlapping
with that of ‘‘meows,’’ but are characterized by shorter, frequency
PLOS ONE | www.plosone.org
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Figure 3. Nighttime distributions of vocalizing humpback whales and dense herring shoals. Spatial distribution of vocalizing humpback
whales coincides with the locations of dense evening herring shoals during nighttime hours. At night, vocalizing humpback whales become
concentrated at and near dense evening herring shoals (.0.20 fish/m2, red shaded areas) that form along the northern flank of Georges Bank and call
rates increase dramatically [18]. The green shaded areas indicate the nighttime humpback whale call rate densities (number of calls/[(min) (50 nmi)2])
measured with our large aperture array. All data represent nighttime means between September 22 and October 6, 2006. The magenta line bounds
the areas with diffused herring populations (<0.053 fish/m2). The dashed magenta line represents the southern bound of the NEFSC survey tracks
[18,63]. The data shown are for nighttime hours between sunset and sunrise the next day (18:00:01 to 06:00:00 EDT). The black trapezoid indicates
Stellwagen Bank [158].
doi:10.1371/journal.pone.0104733.g003

[34], we do so here (Section 3.4) with the available annual
humpback whale song occurrence data [35] from the same set of
single sensors Risch et al. [34] used at Stellwagen Bank. We show
that their statistical test false-positively finds whales react to sonar
98–100% of the time over a yearly period when no sonars are
present. For example, when their statistical test is applied to
annual humpback whale song occurrence data published in Ref.
[35], with 2006 as the test year and 2008 as the control year, it
false-positively finds whales react to sonar: (1) 100% of the time
over the year before the ‘‘during’’ period; and (2) 98% of the time
over the year when the ‘‘during’’ period is excluded from the test,
as described in Section 3.4 and Table 1. Here the ‘‘during’’ period
is defined as the 11-day period from September 26 to October 6
with active OAWRS survey transmissions, the ‘‘before’’ period is
the 11-day period before the ‘‘during’’ period, and the ‘‘after’’
period is the 11-day period after the ‘‘during’’ period following the
usage in Risch et al. [34]. When applied to the same humpback
whale song occurrence data reported in Risch et al. [34] over the
33-day period from September 15 to October 17 for 2008 and
2009, with either of these two years as the test year and the other
as the control year, the statistical test false-positively finds
humpback whales respond to sonar 100% of the time when no
sonar is present, as described in Section 3.4 and Table 2,
indicating a self-contradiction in the Risch et al. [34] approach.
No meaningful conclusions can be drawn from a statistical test
with such high bias.
An explanation for the severe bias in the statistical test of Risch
et al. [34] becomes evident upon inspection of the annual
humpback whale song occurrence time series published in Ref.
[35]. Very large natural variations within and across years are

which was thought to be potentially related to aseasonal mating
[67]. In contrast, a diurnal pattern in acoustic energy was detected
off of Western Maui, Hawaii, during the humpback whale
breeding season with a single omni-directional hydrophone [5].
The increased acoustic energy at night was in the humpback whale
vocalization band and attributed to humpback whale song
choruses in breeding activities. The fact that songs occurred far
less frequently than non-song calls in our observations by a factor
of 4 (Figure 5), is consistent with humpback whale vocalization
behavior that is closely related to primary seasonal activities.

2.2 Re-evaluation finds no effect of sonar on humpback
whale song occurrence
Before and during OAWRS survey transmissions [18,19], we
measured a constant humpback whale song occurrence rate, as
shown in Figure 9, indicating no change of humpback song related
to these transmissions over the entire survey area in the Gulf of
Maine, a roughly 400-km diameter area, including Georges and
Stellwagen Banks. Additionally, we find that the humpback whale
song occurrence rate from Stellwagen Bank was constant before
and during OAWRS survey transmissions, indicating no change of
humpback song at Stellwagen Bank related to these transmissions.
These direct measurements contradict the conclusions of Risch
et al. [34].
To investigate this contradiction, we first follow the standard
practice of checking for the bias [36,37] of a statistical test by
applying the test to control data where no stimulus is present to
determine the false positive outcome rate [68–70]. Since the bias
of Risch et al. statistical test [34] was not checked in Risch et al.
PLOS ONE | www.plosone.org
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Figure 4. Humpback whale call-rate is synchronized with Atlantic herring shoal population density over a diurnal cycle. (A) Mean
humpback whale call rate (black line within gray standard deviation over 15 minute bins) over a diurnal cycle and mean herring shoal areal
population density (blue line with standard deviation indicated by the blue error bars) from September 28 to October 3. When the areal population
density of the diffuse daytime herring populations reaches a critical threshold of approximately 0.2 fish/m2 (red dashed line) near sunset, the herring
population density drastically increases at a rate of roughly 5 fish/m2 per hour [18] to form evening shoals. (B) Diurnal humpback whale call rate
follows a synchronous pattern with 0.82 correlation coefficient and 0–15 minute time lag between the two time series in (A). The period from roughly
2–6 EDT contains a data gap.
doi:10.1371/journal.pone.0104733.g004

causality. Moreover, the annual humpback whale song occurrence
time series are uncorrelated over 11-day periods across years, and
the correlation coefficient obeys a random distribution peaking at
zero correlation about which it is symmetric (Figure 12), showing
that correlation in trend between years is random and quantitatively expected to be zero with roughly as many negative
correlations as positive ones. In fact, the correlation coefficient
between the humpback whale song occurrence across years
smoothly transitions from negative values in the ‘‘before’’ period,
showing no similarity or relation in trend between years just before
the 2006 OAWRS survey transmission period, to some of the
highest positive correlations obtained between years in the
‘‘during’’ period (Figure 12). This demonstrates high similarity
and relation in trend between years during the 2006 OAWRS
active survey transmission period, which contradicts the results of
the Risch et al. [34] study. These causality violations are also
discussed in the context of the measured temporal coherence of
humpback whale song occurrence in Section 3.6.
It is well known that wind speed variation can lead to severe
detection range limitations in passive sensors, especially a single
sensor that has zero array gain [20,23,25,71]. Risch et al. [34] did
not investigate the effect of wind dependent ambient noise on the

common in the humpback whale song occurrence time series
when no sonars are present, as can be seen in Figure 10. There are
many periods lasting roughly weeks where high song occurrence
episodes are found in one year but not in another, when no sonars
are present (Figure 10). For the majority of the time, greater than
57%, the difference in the song occurrence across years when no
sonars are present exceeds that of the ‘‘during’’ period (Figure 11),
indicating that there is nothing unusual about such differences,
which rather than ‘‘alterations’’ [34] are actually the norm. The
statistical test used by Risch et al. [34] is overwhelmingly biased
because it mistakes natural variations in humpback whale song
occurrence 98–100% of the time for changes caused by sonar
when no sonar is present, lacks any true positive confirmation and
so lacks the statistical significance to draw the conclusions of Risch
et al. [34].
Since the reported reducing change in humpback whale song
occurrence, to zero [34,35], occurred in the ‘‘before’’ period
(Figure 10) while the OAWRS vessels were inactive and docked on
the other side of Cape Cod from Stellwagen Bank at the Woods
Hole Oceanographic Institution due to severe winds days before
OAWRS transmissions for active surveying began on September
26, 2006, the Risch et al. analysis [34] severely violates temporal
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humpback whales determined by our large aperture array, we
determine the song occurrence detectable by a single hydrophone
at Stellwagen Bank, as shown in Figure 15. We find it to match the
song occurrence reported by Risch et al. [34] in the ‘‘before’’ and
‘‘during’’ periods with high accuracy, within 618% of the
reported means, which is much less than the standard deviation
of the humpback whale song occurrence reported by Risch et al.
[34]. This match shows that the variation in reported song
occurrence from the ‘‘before’’ to ‘‘during’’ period is due to
detection range limitations of the single sensor at Stellwagen Bank
from wind-dependent ambient noise, and is not due to the song
production rate, which we show to be constant. The constant song
production and occurrence rates in the ‘‘before’’ and ‘‘during’’
periods measured by our large aperture array are unaffected by
wind noise because the array gain was sufficiently high to make the
detection range well beyond the range of the vocalizing whales for
all wind conditions (Figure 13). Our data shows no humpback
whale vocal activity originating from Stellwagen Bank in either the
‘‘before’’ or ‘‘during’’ periods, but vocalizing humpback whales
located near Georges Bank could be heard at Stellwagen Bank
during low wind noise conditions (Figure 13). In high wind noise,
the single sensor mean detection range at Stellwagen Bank is too
short to include the regions with measured singing humpback
whales, but in low wind noise, it is large enough to include the
regions with measured singing humpback whales as shown in
Figure 13, making the mean song detection rate at Stellwagen
Bank higher in lower wind noise. Noise from near gale force winds
in the last 3 days of the ‘‘before’’ period, for example, caused a
significant drop in the detection range of the single sensor and the
corresponding significant drop in the song occurrence rate at
Stellwagen Bank [35] while the OAWRS vessels were inactive and
docked at the Woods Hole Oceanographic Institution. Since the
OAWRS experiment was conducted only up to October 6, 2006,
the vocalizing humpback whale distribution in the ‘‘after’’ period
was not measured and we do not investigate the song occurrence
for that period.
It has been previously shown that due to collapse of the herring
stock at Stellwagen Bank, humpback whale populations drastically
decline at Stellwagen Bank during the herring spawning period
and correspondingly increase at other locations where spawning
populations are large [33]. Moreover, in the Fall of 2006, herring
populations were negligible in the Massachusetts Bay and Cape
Cod area, including Stellwagen Bank [32], but in contrast were
decadally high in the Georges Bank region [31], consistent with
the theory that humpback whales migrate to locations with large
spawning herring aggregations [33]. This phenomenon was not
mentioned or investigated in Risch et al. [34], but it is highly
relevant because the time period Risch et al. [34] focused on is
centered exactly on the peak annual herring spawning period of
the Gulf of Maine for 2006. Indeed, it has been previously shown
by OAWRS in Ref. [18] and by annual NEFSC acoustic
echosounding and trawl surveys in Refs. [63] and [43] that this
peak annual herring spawning period occurred from the last week
of September to the first week of October 2006 on Georges Bank.
Based on the results of Ref. [33], it should then be expected that
the Stellwagen Bank humpback whale population would be low at
this time and the population at Georges Bank would be high, as
has been confirmed in Section 2.1 for vocalizing humpback
whales.
The levels of the various anthropogenic noises at Stellwagen
Bank were not discussed in Risch et al. [34], but only OAWRS
levels were selected for analysis and discussion without this
context. It is recommended by the National Academy of Sciences
(NAS), however, that ‘‘A comprehensive noise impact assessment

Figure 5. Percentage of semi-diurnal period containing different classes of humpback whale vocalizations for day and night.
A roughly three-fold percentage increase is found at night for repetitive
non-song calls, which are primarily responsible for the overall diurnal
dependence of observed humpback whale vocalizations. Humpback
whale songs showed negligible mean variation compared to standard
deviations for day (15.7%618%) versus night (19.1%615%). Percentages were calculated using the approaches discussed in Section 3.2. The
total percentage, the sum of all four categories, exceeds 100% because
different call types could occur within overlapping time windows. The
‘‘No calls detected’’, however, is mutually exclusive with the other
categories. Here the daytime hours are between sunrise and sunset
(06:00:01 to 18:00:00 EDT) and nighttime hours are between sunset and
sunrise the next day (18:00:01 to 06:00:00 EDT).
doi:10.1371/journal.pone.0104733.g005

detection range of their single hydrophones located in the
Stellwagen Bank (Figure 13). They did report that ‘‘Ambient
noise levels over the whole analysis bandwidth (10–1000 Hz) and
in the frequency band with most humpback whale song energy
(70–300 Hz) did not vary dramatically within or between years.’’
Wind speeds varied, however, from calm to near-gale conditions
within a period of a few hours or days, many times over the 33-day
period examined by Risch et al. [34], as is common for Fall in
Stellwagen Bank [72]. These natural wind speed variations must
have significantly changed the local wind-dependent noise level
according to known physics [20,73]. Since noise ‘‘can have a
tremendous, if not a dominating, influence on the detection range
of any sonar system’’ [39], the dramatic changes in wind speed at
Stellwagen Bank must have led to dramatic changes in the
detection range of single sensors deployed there. The range at
which signals, in this case humpback whale songs, can no longer
be detected because they become indistinguishable from ambient
noise is the detection range from the sensor. Since ambient noise is
wind speed dependent, so is the detection range (Figure 13), and
so is humpback whale song occurrence measured at that sensor if
variations in wind speed cause the detection range to pass through
the range of the singing humpback whales (Figure 14). In this case
even if a whale sang at a constant rate, song occurrence measured
at the sensor (Figure 15) would vary with local wind noise
(Figure 14). Moreover, the annual humpback whale song occurrence reported in Ref. [35] had a standard deviation of 3.54 dB in
the 33-day period examined by Risch et al. [34], which was less
than the 3.8 dB standard deviation in ambient noise level reported
by Risch et al. [34], and so local ambient noise variation could
have caused all the variations in humpback whale song occurrence
reported over that period.
Using the measured wind speeds at Stellwagen Bank [72], and
the measured spatial distribution and constant rates of singing
PLOS ONE | www.plosone.org
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Figure 6. Spectrograms of a typical ‘‘meow’’, ‘‘bow-shaped’’ call and ‘‘feeding cry’’ observed during OAWRS 2006 experiment. (A)
‘‘Meow’’ is a roughly 1.4 second duration, frequency modulated downsweep signal (570 to 380 Hz) with a center frequency of roughly 475 Hz. (B)
‘‘Bow-shaped’’ call has a roughly 2.4 second duration, downsweep frequency modulated section (510 to 395 Hz) followed by a short upsweep coda
with a center frequency of roughly 440 Hz. (C) ‘‘Feeding cry’’ consists of (1) a main section that lasts approximately 3.5 seconds with frequency
oscillations between 500 Hz and 540 Hz and (2) a 2 second long frequency-modulated ending section.
doi:10.1371/journal.pone.0104733.g006

would include additional specific data regarding both sound levels
and sources throughout the area for which impacts are being
assessed [74].’’ Such an impact assessment should include ‘‘all
aspects of the acoustic environment’’ [75] to avoid the problem
another impact assessment had of being evaluated as ‘‘misrepresentative of the existing soundscape [74].’’ Here the soundscape of
anthropogenic noise sources at Stellwagen Bank, from highest to
lowest intensity or loudest to most quiet is delineated in Tables 3
and 4, following these NAS recommendations, where it is seen that
the reported OAWRS transmissions fell at the quietest end of the
noise spectrum when audible. Shipping traffic, on the other hand,
contributes most to the anthropogenic component of mean
acoustic intensity at Stellwagen Bank by many orders of
magnitude. Most anthropogenic sources of underwater noise
listed in Tables 3 and 4 continuously operate [76,77] over a wide
range of frequencies audible to whales, i.e. tens to hundreds of
Hertz [20,39,77,78], and result in received levels that may exceed
the currently recommended NOAA guideline of 120 dB re 1 mPa
received level [79–83] in water for continuous noise [84] for a
range of whale distances (Table 3). Even the maximum OAWRS
received sound pressure level reported by Risch et al. [34] is orders
of magnitude lower than the current 160 dB NOAA guideline for
short duration signals such as the OAWRS 1–2 seconds duration
pulse, and significantly lower than the 120 dB guideline for even
continuous sources [84] which OAWRS is not. The maximum
received acoustic intensities of OAWRS signals at Stellwagen Bank
reported by Risch et al. [34] are the same as those of a quiet
wooded forest or a quiet room with no conversation [85], whereas
PLOS ONE | www.plosone.org

the acoustic intensities received at Stellwagen Bank from shipping
traffic are often the same as those of a busy roadway or a busy
airport runway [26,85]. Risch et al. [34] reported that visual
inspections of humpback whales in Stellwagen Bank were made
during the OAWRS experiment, suggesting that humpback
whales were within visible range of research vessels. Research
vessels close enough to whales to sight them can easily have engine
noise levels at the whales greatly exceeding the reported OAWRS
levels over broader frequency bands and much greater time
duration (Table 3).
Before and during OAWRS survey transmissions, we measured
constant humpback whale song occurrence and production rates
over our entire survey area roughly 400-km in diameter covering
most of the Gulf of Maine, including Stellwagen Bank, indicating
the transmissions had no effect on humpback whale song
production rate. Using annual humpback whale song occurrence
reported from single sensor detections at Stellwagen Bank [35] in
time dependent ambient noise, we show the statistical test used by
Risch et al. [34] for assessing the response of humpback whales to
sonar transmission false positively finds humpback whales respond
to sonar 98–100% of the time when no sonars are present. With
this and the lack of any true positive confirmation for the Risch
et al. [34] statistical approach, the analysis of Risch et al. [34] lacks
the statistical significance to draw the conclusions of Risch et al.
[34]. The fact that the Risch et al. [34] analysis only allows sonar
causes for the reducing change reported in Risch et al. [34], yet the
change occurred days before the sonar survey began, is consistent
with a violation of temporal causality in the Risch et al. [34] study.
8
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Figure 7. Spectrograms of typical repetitive ‘‘meows’’ observed during OAWRS 2006 experiment in the Gulf of Maine. Four 70-s time
series containing repetitive meows are shown in (A) – (D) recorded 5-s apart, on October 1, 2006 between 19:10:00 EDT and 19:14:55 EDT.
doi:10.1371/journal.pone.0104733.g007

dependent ambient noise, through well established physical
processes [20,73]. Misinterpretation of natural phenomenon from
flawed analytic methods such as biased testing and neglect of
physical laws can have seriously negative consequences [86–90].

The Risch et al. statistical test [34] mistakes natural variations in
whale song reception, from such factors as natural variations in
whale distributions [44], singing behavior [1,2], and ambient
noise, for changes caused by sonar 98–100% of the time when no
sonar is present. Before and during OAWRS survey transmissions,
we find that the variations in song occurrence at Stellwagen Bank
reported by Risch et al. [34] are consistent with the natural
phenomena of detection range fluctuations caused by wind-

Figure 8. Spectrograms of a typical repeated humpback whale song theme observed during OAWRS 2006 experiment. A repeated
humpback whale song theme, starting at (A) 23:17:44 EDT and (B) 23:49:01 EDT and each lasting roughly 1 minute, was recorded on October 2, 2006
from a singing humpback whale in the northern flank of Georges Bank.
doi:10.1371/journal.pone.0104733.g008
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near endfire (w~p=2), where l~c=fc is the acoustic wavelength, c
is the sound speed, fc is the center frequency, and L is the array
aperture length. At endfire, the angular resolution is
pﬃﬃﬃﬃﬃﬃﬃﬃ
b(w~p=2,fc )&2:8 l=L. Permission for this National Oceanographic Partnership Program experiment was given in the Office
of Naval Research document 5090 Ser 321RF/096/06.

3.2 Measurement and analysis of humpback whale
vocalizations
Acoustic pressure time series measured by sensors across the
receiver array were converted to two-dimensional (2D) beam-time
series by time-domain beamforming [20,22,25,26], and further
converted to spectrograms by temporal Fourier transform. Whale
vocalizations were detected and characterized in time and
frequency for each azimuth by visual inspection.
With our densely sampled, large-aperture array, multiple
vocalizing humpback whale individuals could be tracked in
beam-time and compared with the bearings of historic humpback
whale habitats in the Gulf of Maine, including the Georges Bank,
Stellwagen Bank, Great South Channel, and Northeast Channel
as shown in Figure 16. Throughout our entire experiment,
including the ‘‘before’’ and ‘‘during’’ periods discussed in Section
2.2, we measured roughly 2000 humpback whale vocalizations per
day but none originated from Stellwagen Bank, as in the Figure 16
example.
As noted in Section 2.1, both humpback whale song
[1,2,8,67,92–94] and non-song [6,7,9,54,66,95] vocalizations were
measured, where non-song vocalizations contained repetitive and
random calls. Songs [2] were composed of repeating themes,
which could be sub-divided into phrases and units. A song session
typically consisted of at least two themes and often lasted over tens
of minutes, with gaps of silence not exceeding ten minutes between
any two themes. An example of repeated song themes is shown in
Figure 8. Repetitive non-song calls were defined as series of
downsweep ‘‘meows’’ or ‘‘bow-shaped’’ calls, which contained at
least two similarly structured ‘‘meows’’ or ‘‘bow-shaped’’ calls that
were uttered within a short time interval of roughly 31 seconds or
58 seconds, respectively. Random non-song calls, were primarily
composed of individual ‘‘meows’’, ‘‘bow-shaped’’ calls, and
‘‘feeding cries’’ that occurred at least one minute apart from any
type of individually uttered non-song calls. We found that roughly
73% of the non-song vocalizations were ‘‘meows,’’ roughly 22%
were ‘‘bow-shaped’’ calls, and roughly 5% were ‘‘feeding cries.’’
These non-song calls were observed in the frequency range of
250–700 Hz (Table 5). The standard and primary method of
using spectral and temporal characteristics of the vocalizations to
identify whale species [6,34,35,95–100] is used here. The specific

Figure 9. Humpback song occurrence rate is constant in the
periods ‘‘before’’ and ‘‘during’’ OAWRS survey transmissions.
The mean percentage of a diurnal cycle containing humpback whale
song in the periods ‘‘before’’ and ‘‘during’’ OAWRS survey transmissions,
as defined in Section 2.2, remains constant, indicating the transmissions
had no effect on humpback whale song over the entire passive 400-km
diameter survey area of the Gulf of Maine including Stellwagen Bank.
doi:10.1371/journal.pone.0104733.g009

Materials and Methods
3.1 The passive receiver array
Acoustic recordings of whale vocalizations were acquired using
a horizontal passive receiver line-array, the ONR five-octave
research array [91], towed by Research Vessel Oceanus along
designated tracks just north of Georges Bank [18,19], as shown in
Figure 13. The multiple nested sub-apertures of the array contain
a total of 160 hydrophones spanning a frequency range from
below 50 to 3750 Hz for spatially unaliased sensing. A fixed
sampling frequency of 8000 Hz [19] was used so that acoustic
signals with frequency contents up to 4000 Hz were recorded
without temporal aliasing. Two linear apertures of the array, the
low-frequency (LF) aperture and the mid-frequency (MF) aperture,
both of which consist of 64 equally spaced hydrophones with
respective inter element spacing of 1.5 m and 0.75 m, were used
to analyze humpback whale calls with fundamental frequency
content below 1000 Hz. For humpback whale calls with frequency
content below 500 Hz, the LF aperture was used, while for
humpback whale calls with frequency content extending beyond
500 Hz up to 1 kHz, the MF aperture was used. The angular
resolution b(w, fc ) of the horizontal receiver array is
b(w, fc )&1:44(l=L cos w) for broadside (w~0) through angles

Table 1. Percentage of time the Risch et al. statistical test [34] incorrectly finds whales respond to sonar when no sonar is present
using annual humpback whale song occurrence data reported from single sensor detections at Stellwagen Bank [35] in
time-dependent ambient noise.

Analysis period

Excluding ‘‘during’’ perioda

Before ‘‘during’’ perioda

% of time with false-positive response

98.0%(49/50)

100%(35/35)

Risch et al. statistical test [34] is applied to all continuous 33-day periods, as described in Section 3.4.1, in the annual humpback whale song occurrence reported from
single sensor detections at Stellwagen Bank in 2006 and 2008 [35], with 2006 as the test year and 2008 as the control year. The test false-positively finds humpback
whales react to sonar 98–100% of the time over a yearly period when no sonars are present. The fraction of time when the Risch et al. statistical test [34] false-positively
finds whales react to sonar is given in the parenthesis. The parenthetical numbers in the denominator represent the total number of 33-day periods with no sonar
present within the analysis period and the parenthetical numbers in the numerator represent the number of 33-day periods when the Risch et al. statistical test [34]
false-positively finds whales react to sonar when no sonar is present.
a
The ‘‘during’’ period is defined in Section 2.2.
doi:10.1371/journal.pone.0104733.t001
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Table 2. The Risch et al. statistical test is applied to the same humpback whale song occurrence data reported in Risch et al. [34]
over the 33-day period from September 15 to October 17 for 2008 and 2009, with either of these two years as the test year and the
other as the control year.

Risch et al. statistical test

Result

With 2008 as the test year and 2009 as the control year

False positive response

With 2009 as the test year and 2008 as the control year

False positive response

It false-positively finds that whales react to sonar 100% of the time when no sonar is present, indicating self-contradictions in the Risch et al. [34] approach.
doi:10.1371/journal.pone.0104733.t002

and sei whales have been observed to rarely vocalize solely in the
250–700 Hz frequency range, it is also unlikely that the non-song
calls we observed were produced by these whales because (1) right
and minke whale tonal calls are roughly 4–8 times shorter in time
duration or roughly a factor of 2 lower in frequency than the nonsong calls we observed [103–107]; (2) the typical right whale
‘‘gunshot’’ calls are of a much broader frequency content than
250–700 Hz and are more than an order of magnitude shorter in
time duration than the non-song calls we observed
[103,104,106,108]; (3) the more typical minke whale ‘‘pulse
trains’’ lasting tens of seconds are comprised of pulses that are
more than an order of magnitude shorter in time duration and
have a minimum frequency roughly a factor of 2 lower than that of
the non-song calls we observed [109,110]; (4) right whales are 20
times less abundant, minke whales are 10 times less abundant, and
sei whales are 60 times less abundant than humpback whales in the
Gulf of Maine during the fall season [45]; (5) sei whales have not

spectral and temporal characteristics of calls we observed are
provided in Table 5, following a standard approach for classifying
calls established by Dunlop et al. [6]. Since all non-song calls or
non-song call sequences we detected consistently originated or
ended at the the same spatial position as song calls, to within our
reported position error in Section 3.3, and occurred immediately
after or before these co-located song calls, alternating with song
calls, it is most likely that the same species and group of whales
produced the song and non-song calls we report. Given this and
the fact that humpback whales are the only species known to
produce song in this region, season and frequency range, it is most
likely that the non-song calls we report are also from humpback
whales and extremely unlikely that they originate from other
species. Furthermore, humpback whales are the most abundant,
by 1–2 orders of magnitude, vocalizing whales in the 250–700 Hz
frequency range [2,6,7,9,101,102] in the Gulf of Maine during the
fall season [45]. While North Atlantic right whales, minke whales

Figure 10. Reported humpback whale Stellwagen Bank song occurrence [35] shows large natural variations within and across years.
Large natural variations in humpback whale song occurrence reported from single sensor detections at Stellwagen Bank [35] in time-dependent
ambient noise within and across years are common in the absence of sonar. Line plots of reported single sensor daily humpback whale song
occurrence at Stellwagen Bank in hours/day (A) for the entire year and (B) from September 15 to October 17, in 2006 and 2008 [35]. Many periods
lasting roughly weeks where high song occurrence episodes are found in one year but not in another when no sonars are present are indicated by
black arrows in (A). The reported reducing change in humpback whale song occurrence, to zero [34,35], occurred in the ‘‘before’’ period while the
OAWRS vessels were inactive and docked on the other side of Cape Cod from Stellwagen Bank, at the Woods Hole Oceanographic Institution, due to
severe winds for days before OAWRS transmissions for active surveying began on September 26, 2006, as marked by the black arrow in (B). This
shows that Risch et al. [34] analysis violates temporal causality.
doi:10.1371/journal.pone.0104733.g010
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Figure 11. Quantifying large differences in the reported humpback whale song occurrence at Stellwagen Bank [35] across years.
Difference in humpback whale song occurrence reported from single sensor detections at Stellwagen Bank [35] in time-dependent ambient noise
across years exceeds that of the ‘‘during’’ period most of the time when no sonars are present. (A) Difference in mean humpback whale song
occurrence at Stellwagen Bank over respective 11-day periods with 1-day increment in 2006 and 2008, (B) histogram of difference in mean humpback
song occurrence over 11-day periods between 2006 and 2008 when no sonar is present, i.e. excluding the ‘‘during’’ period from September 26 to
October 6. Periods when the difference in means of respective 11-day periods is greater than (red dots) and less than (blue dots) that of the ‘‘during’’
period are indicated in (A). The difference in means fluctuates randomly throughout the year, exceeding the ‘‘during’’ period 57.8% of the time (most
of the time) when no sonars are present, indicating that there is nothing unusual about such differences, which are actually the norm.
doi:10.1371/journal.pone.0104733.g011

all four categories, may exceed 100% because different types of
humpback whale calls may occur simultaneously in overlapping
time windows. The number of whales singing at any given time
within their detection ranges is found to be consistent with past
observations [10,67,93,94,101,116–118].

been observed to vocalize in the 250–700 Hz frequency range in
the North Atlantic and the North Pacific [111–114]; and (6)
previous work shows humpback whales to be by far the dominant
consumers of herring on Georges Bank of the whales that have
been observed to vocalize in the 250–700 Hz range, where right
and sei whales appear to consume negligible amounts of herring
[115]. There were numerous sightings of humpback whales at
Georges Bank during the 2006 Gulf of Maine experiment.
The diurnal humpback whale call rate (calls/min) time series of
Figure 4(A) is obtained by averaging daily humpback whale call
rate time series over the entire experiment. The daily humpback
whale call rate time series is quantified in 15 minute bins over a
diurnal cycle. We define a time period that (1) contains at least two
song themes with (2) a gap of silence not exceeding 10 minutes
between the adjacent song themes as the occurrence session of
humpback whale songs. Similarly, a series of ‘‘meows’’ (Figure 7)
or ‘‘bow-shaped’’ calls, and individually uttered non-song calls
(Figure 6) constitute the occurrence sessions of repetitive non-song
calls and random non-song calls, respectively. A time period
longer than 10 minutes containing no calls is defined as the
occurrence session of ‘‘No calls detected’’, and is mutually
exclusive with the occurrence sessions of the other three categories.
The percentage of time with songs, repetitive non-song calls and
random non-song calls, as shown in Figure 5, are quantified using
these defined occurrence sessions. The total percentage, the sum of
PLOS ONE | www.plosone.org

3.3 Passive position estimation of vocalizing humpback
whales with a towed horizontal receiver line-array
To determine the horizontal location of a vocalizing humpback
whale, both bearing and range need to be estimated. With our
densely sampled, large-aperture horizontal receiver array, bearings
of vocalizing humpback whales are determined by time-domain
beamforming. Synthetic aperture tracking [29] and the array
invariant method [30] are applied to determine the range of
vocalizing humpback whales from the horizontal receiver array
center. The principle of the synthetic aperture tracking technique
[29] is to form a synthetic array by combining a series of spatially
separated finite apertures of a single towed horizontal line-array.
The array invariant method [30] provides instantaneous source
range estimation by exploiting the multi-modal arrival structure of
guided wave propagation at the horizontal receiver array in a
dispersive ocean waveguide. Position estimation error, or the root
mean squared (RMS) distance between the actual and estimated
location, is a combination of range and bearing errors. Range
estimation error, expressed as the percentage of the range from the
12
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Figure 12. Reported annual humpback song occurrence at Stellwagen Bank [35] are uncorrelated between years over 11-day
periods. Annual humpback whale song occurrence reported from single sensor detections at Stellwagen Bank [35] in time-dependent ambient
noise are uncorrelated over 11-day periods across years. (A) Correlation coefficient between 2006 and 2008 humpback whale song occurrence time
series over 11-day period with 1-day increment (B) histogram of the correlation coefficient in (A). The correlation coefficient of the annual humpback
whale song occurrence time series over 11-day periods across years obeys a random distribution peaking at zero correlation about which it is
symmetric, showing that correlation in trend between years is random and quantitatively expected to be zero with roughly as many negative
correlations as positive ones. The correlation coefficient between the humpback whale song occurrence across years smoothly transitions from
negative values in the ‘‘before’’ period, showing no similarity or relation in trend between years just before the 2006 OAWRS survey transmission
period, to some of the highest positive correlations obtained between years in the ‘‘during’’ period. This demonstrates high similarity and relation in
trend between years during the 2006 OAWRS active survey transmission period, which contradicts the results of the Risch et al. [34] study.
doi:10.1371/journal.pone.0104733.g012

source location to the horizontal receiver array center, for the
synthetic aperture tracking technique is roughly 2% at array
broadside and gradually increases to 10% at 65u from broadside
and 25% at 90u from broadside, i.e. near or at endfire [29]. Range
estimation error for the array invariant method is roughly 4–8%
[29] over all azimuthal directions. Bearing estimation error of the
time domain beamformer is roughly 0.5u at broadside and
gradually increases to 6.0u at endfire [29]. These errors are
determined at the same experimental site and time period as the
whale position estimates presented here, from thousands of
controlled source signals transmitted by the same source array
used to locate the herring shoals presented here [18] and are based
on absolute Global Positioning System (GPS) ground truth
measurements of the source array’s position, which are accurate
to within 3–10 meters [119]. More than 90% of vocalizing whales
are found to be located 0–65u from the broadside direction of the
horizontal receiver array. Position estimation error is then less
than 2 km for most of the vocalizing whales localized in Figure 13
since they are found within roughly 40 km of the horizontal
receiver array center. This error is over an order of magnitude
smaller than the spatial scales of the whale concentrations shown
in Figure 13, and consequently has negligible influence on the
analyses and results. The measured source locations for all calls are
PLOS ONE | www.plosone.org

used to generate the whale call rate density maps shown in
Figures 1–3 and 13. The source location of each call is
characterized by a 2D Gaussian probability density function with
mean equal to the measured mean position from synthetic
aperture tracking or the array invariant method and standard
deviations determined by the measured range and bearing
standard deviations. The range standard deviation is 2% for
sources located at and near array broadside and increases to 25%
for sources located at and near array endfire, based on the range
errors of both synthetic aperture tracking and the array invariant
method [29]. The bearing standard deviation is 0.5u for sources
located at or near array broadside and increases to 6.0u for sources
located at or near array endfire [29]. The whale call rate density
map is determined by superposition of the 2D spatial probability
densities for the source location of each call, normalized by the
total measurement time. Left-right ambiguity in determining the
bearing of a sequence of source signals in this paper is resolved by
changing the array’s heading during the reception of the sequence
of source transmissions, following the standard method for
resolving left-right ambiguity in source bearing for line array
measurements in the ocean [16,29,120–123]. For a far-field point
source in free space, bearing ambiguity in line array measurements
exists in a conical surface about the array’s axis with cone angle
13
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Figure 13. Wind-dependence of mean detection range for single sensor at Stellwagen Bank [34], and OAWRS receiver array. The
green shaded areas indicate the overall vocalizing humpback whale call rate densities (number of calls/[(min) (50 nmi)2]) determined between
September 22 and October 6, 2006 by our large aperture receiver array towed along several tracks (black lines). The mean detection ranges for the
single sensor at Stellwagen Bank are in blue and for the OAWRS receiver array are in red, where Stellwagen Bank is marked by yellow shaded regions.
These detection ranges are determined by the methods described in Section 3.5 given a humpback whale song unit source level of approximately
180 dB re 1 mPa and 1 m which is the median of all published humpback whale song source levels [93,101,102,152–154]. The error bars represent the
spread in detection range due to typical humpback whale song source level variations (Section 3.5). Under (A) low wind speed conditions vocalizing
whales are within the mean detection area for a single Stellwagen Bank sensor but for (B) higher wind speeds most vocalizing whales are outside the
mean detection area of the same sensor, which results in reduction of detectable whale song occurrence by the single sensor [34] at Stellwagen Bank.
doi:10.1371/journal.pone.0104733.g013

equal to the bearing of the source with respect to the array’s axis,
because the phase speed on the array is identical for far-field
sources on this cone at any given frequency. When ambiguity is
restricted to source locations in the ocean, only two ambiguous
bearings remain, left and right in the horizontal plane about the

PLOS ONE | www.plosone.org

array’s axis, for ranges large compared to the water depth of the
source and receiver, as is the case in this paper. To resolve this
ambiguity, array heading is varied by an amount Dh with respect
to an absolute coordinate system during the sequence of source
transmissions. The true location of the source in absolute

14
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Figure 14. Wind-speed increase causes reduction in humpback song occurrence at Stellwagen Bank. Average wind speed increase from
the ‘‘before’’ to the ‘‘during’’ period at Stellwagen Bank causes reduction in the percentage of time humpback whale songs are within mean
detection range of a single Stellwagen Bank sensor. (A) Averaged wind speed measured at the NDBC buoy [72] closest to Stellwagen Bank over the
‘‘before,’’ ‘‘during,’’ and ‘‘after’’ 11-day periods; and (B) percentage of the time vocalizing humpback whales localized by our large aperture array are
within the mean detection range of the single sensor [34] at Stellwagen Bank in the ‘‘before’’ and ‘‘during’’ periods, using waveguide propagation
methods and whale song parameters described in Section 3.5. Since the OAWRS experiment was conducted only up to October 6, 2006, the
humpback whale source distribution in the ‘‘after’’ period was not measured and we do not investigate the percentage of time that humpback
whales are within the mean detection range of the single sensor at Stellwagen Bank [34] for the ‘‘after’’ period. The triangles represent the mean wind
speed and the solid ticks represent the standard deviation of the wind speed over the respective 11-day periods.
doi:10.1371/journal.pone.0104733.g014

coordinates is independent of the array heading, but the bearing of
the virtual image source has a component that moves by 2Dh with
the array heading. This is analogous to the case where a mirror is
rotated by Dh, and the true source remains at an absolute position
independent of the mirror’s orientation but its virtual image in the
mirror rotates by an apparent 2Dh with the mirror’s rotation to
maintain a specular angle with respect to the mirror’s plane and
satisfy Snell’s Law [21,124]. The criterion used here to distinguish
the virtual image bearing from the true source bearing is that
established by Rayleigh [26,124,125], where ambiguity is robustly
resolved by moving the array heading by an angular amount Dh
such that the change in virtual bearing 2Dh exceeds the array’s
angular resolution scale (the array beamwidth, Section 3.1) in the
direction of the detected source. This Rayleigh resolved change in
bearing of the virtual source of 2Dh with the array’s heading
change of Dh is used to identify the virtual source and distinguish it
from the true source, which has an absolute bearing independent
of Dh. This procedure for ambiguity resolution with the Rayleigh
criterion has been applied to all sequences of source transmissions
used for source localization in this paper.
Figure 15. Humpback song occurrence detectable by single
sensor matches reported humpback song occurrence at
Stellwagen Bank [34]. Average humpback whale song occurrence
detectable by a single hydrophone at Stellwagen Bank in timedependent ambient noise in the ‘‘before’’ and the ‘‘during’’ periods
matches the reported humpback whale song occurrence by Risch et al.
[34]. Using the measured wind speeds at Stellwagen Bank [72]
(Figure 14), the measured spatial distribution of vocalizing humpback
whales (Figure 1), and constant song production rates (Figure 9)
measured by our large-aperture array, the detectable song occurrence
over the ‘‘before’’ and ‘‘during’’ period are found to be within 618% of
the reported means [34], much less than the standard deviations of
reported song occurrence[34], using waveguide propagation methods
and whale song parameters described in Section 3.5. Before and during
OAWRS survey transmissions, this figure shows that reported variations
in song occurrence at Stellwagen Bank by Risch et al. [34] are actually
due to detection range changes caused by wind-dependent ambient
noise, through well established physical processes [20,73].
doi:10.1371/journal.pone.0104733.g015
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3.4 Risch et al. statistical test
To evaluate its bias and quantify the impact of this bias, the
Risch et al. statistical test of Ref. [34] is applied to Stellwagen Bank
humpback whale song occurrence data reported in Refs. [34,35],
since the bias of this test has not been previously investigated, and
the implications of a bias have not been previously analyzed or
discussed for this test.
The Risch et al. statistical test [34] applies the Tukey method
[126] for simultaneous pairwise multiple comparison with the
quasi-Poisson generalized linear model (GLM) and log link in the
statistical programming language ‘R’ [34,127,128] to humpback
whale song occurrence over non-overlapping 11-day periods
within a 33-day period across years, and tests the resulting pairwise
comparisons following the statements of Table 6. The input to the
statistical test of Ref. [34] is daily humpback whale song
15
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Table 3. Typical anthropogenic noise sources at Stellwagen Bank.

Continuous
anthropogenic
noise source

Source level in dB
re 1 mPa and 1 m

Source range in km
Source range in km for for received level
between 88–110b
received level above
120a dB re 1 mPa
dB re 1 mPa

Frequency in Hz

Acoustic intensity in
Watts/m2 1 m away
from anthropogenic
noise source

Cruise ship

219 [159]

10 to .1,000 [160]

,100

160 to .200

5,000

Cargo vessel

192 [20,161]

10 to .1,000 [20,161]

,10

30–200

10

Research vessel

166–195 [159]

40 to .1,000 [77,159]

,6

2–130

0.025–20

Outboard motor boat

176 [78,162]

100 to .1,000 [163,164]

,2

3–20

0.25

Whale watching boat

169 [165]

100 to .1,000 [165]

,1

3–25

0.05

a

Recommended received pressure level in the NOAA guideline for continuous-type sources [84].
Range of received pressure level at Stellwagen Bank single sensor reported by Risch et al. of OAWRS impulsive signal [34], of roughly 1–2 seconds duration and at least
75 seconds spacing between impulses. Source ranges are determined at the frequencies with maximum humpback whale vocalization energy, using the waveguide
propagation methods described in Section 3.5. Humpback whale vocalizations are known to have source levels in the range of 175 to 188 dB re 1 mPa and 1 m
[9,101,102,153], and have been reported to go up to 203 dB re 1 mPa and 1 m [166]. All data shown in the table is for sources and measurements in water where
Ls,water ~Lw z171 based on the sound speed and density of water, Lw is the power level in dB re 1 Watt, and Ls,water is the source level in dB re 1 mPa and 1 m.
Underwater noise from a typical low flying jet airplane [26] can lead to underwater sound pressure levels exceeding 120 dB re 1 mPa in water at ranges less than 5
kilometers.
doi:10.1371/journal.pone.0104733.t003
b

i
pair mi(j,k) and mi(l,m) . The possible outcomes T(j,k),(l,m)
are (1)
i
i
i
X (m(j,k) vm(l,m) ), which is defined as: m(j,k) and mi(l,m) are not
6 mi(l,m) ), which
significantly different and mi(j,k) vmi(l,m) ; (2) X (mi(j,k) v
i
i
is defined as: m(j,k) and m(l,m) are not significantly different and
6 mi(l,m) ; (3) Y (mi(j,k) vmi(l,m) ), which is defined as: mi(j,k) and
mi(j,k) v
i
m(l,m) are significantly different and mi(j,k) vmi(l,m) ; and (4)
6 mi(l,m) ), which is defined as: mi(j,k) and mi(l,m) are
Y (mi(j,k) v
6 mi(l,m) , as given in Table 7.
significantly different and mi(j,k) v
The rate of false positive findings that whales respond to sonar
when no sonar is present is

occurrence time series data over each 11-day period. Each
pairwise comparison between the mean song occurrence in the j th
11-day period of the ith 33-day period in the kth year and that in
the l th 11-day period of the ith 33-day period in the mth year is
assigned a value of pi(j,k),(l,m) . The value of pi(j,k),(l,m) is the
probability that the absolute value of the Tukey test statistic [126]
is greater than the observed value of the test statistic, conditioned
on the null hypothesis, i.e. all mean humpback whale song
occurrences over 11-day periods are the same, and is denoted by
the variable P in Risch et al. [34]. If pi(j,k),(l,m) is less than a
threshold PT set by the user, then the means are classified by the
user to be significantly different, otherwise they are classified by
the user to be not significantly different.
Suppose there are daily humpback whale song occurrence time
series over M years, and for each year there are N 33-day periods.
Let mi(j,k) be the mean humpback whale song occurrence over the
j th 11-day period of the ith 33-day period in the kth year, where
i~1,:::,N, j~1,2,3, and k~1,:::,M. Let k~1 be the test year and
let k~2,:::,M be the control years.
For a given 33-day period over M years, there are
(3M)!
pairs of 11-day periods. Comparing the
3M C2 ~
2!(3M{2)!
i
i
is
p(j,k),(l,m) with PT for each of the 3M C2 pairs, outcome T(j,k),(l,m)
assigned for the comparison between the mean song occurrence

PNS
PFP ~

b
i~1 i
NS

,

ð1Þ

where
(
bi ~

1
0

P
when 4n~1 ai,n is non{zero,
otherwise,

ð2Þ

NS is the number of 33-day periods when no sonars are present,

Table 4. Received mean intensity of typical anthropogenic noise sources at Stellwagen Bank.

Continuous anthropogenic
noise source

Received level in water in dB re 1 mPa (or corresponding
mean intensity in Watts/m2) 500 m a away from an
anthropogenic noise source over a minute or longer

How many decibels higher (or times greater) the mean
intensity of the given anthropogenic noise source over
a minute or longer at 500 m is than that reported for
OAWRS at Stellwagen Bank [34]

Cruise ship

177 (0.33)

85 (300,000,000)

Cargo vessel

147 (0.00033)

55 (300,000)

Research vessel

121–144 (0.00000083–0.00017)

29–52 (750–150,000)

Outboard motor boat

131 (0.0000083)

39 (7,500)

Whale watching boat

124 (0.0000017)

32 (1,500)

a
Whale watching vessels [167] are allowed to approach humpback whales at ranges much less than 500 m according to NOAA Whalewatching Guidelines [168].
doi:10.1371/journal.pone.0104733.t004
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Figure 16. Vocalizing humpback whale bearings measured by our large-aperture receiver array. Examples of vocalizing humpback
whale bearings measured on (A) October 2 and (B) October 3, 2006. Almost all humpback whale vocalizations are found to originate from NorthNortheast Georges Bank directions (purple shaded areas) and the Great South Channel directions (green shaded areas), but none originates from
Stellwagen Bank directions (red shaded areas). All vocalizing humpback whale bearings are measured from the true North in clockwise direction with
respect to the instantaneous spatial locations of towed horizontal receiver array center. The techniques used here for resolving source bearing
ambiguity about the horizontal line-array’s axis are described in Section 3.3. The shaded bars on the x-axis indicate the operation time periods of the
towed array.
doi:10.1371/journal.pone.0104733.g016

the ai,n are defined in Table 6, and each ith 33-day period, for
i~1,2,::,NS , has no sonar present.

to the three 33-day humpback whale song occurrence time series
data reported in Risch et al. [34], with 11-day time series indices
j~1 for the ‘‘before’’ period from September 15 to September 25,
j~2 for the ‘‘during’’ period from September 26 to October 6,
and j~3 for the ‘‘after’’ period from October 7 to October 17,

3.4.1 False positive rate and statistical bias of the Risch
et al. statistical test. When the Risch et al. statistical test [34],

as described mathematically in Section 3.4 and Table 6, is applied

Table 5. Temporal and spectral characteristics of humpback whale non-song calls.

Non-song calls

Characteristics

Mean

Standard deviation

Minimum

Maximum

‘‘Meows’’

Overall call duration (s)

1.44

0.59

0.41

3.60

Minimum frequency (Hz)

367

45

255

474

Maximum frequency (Hz)

537

48

410

699

Series of ‘‘Meows’’

‘‘Bow-shaped’’ calls

‘‘Feeding cries’’

Repetition interval (s)

31

8

3

50

Overall series duration (s)

300

240

120

840

Repetition interval (s)

510

288

270

1230

Number of ‘‘Meows’’

10

11

2

61

Overall call duration (s)

2.36

0.92

0.69

4.38

Minimum frequency (Hz)

367

29

269

450

Maximum frequency (Hz)

511

39

440

600

Repetition interval (s)

58

2

55

62

Overall call duration (s)

3.18

1.59

1.65

8.10

Minimum frequency (Hz)

363

23

293

395

Maximum frequency (Hz)

540

23

492

585

Repetition interval (s)

692

464

78

1638

These calls include ‘‘meows’’ and ‘‘bow-shaped’’ calls, both of which are primarily uttered in series at night, and ‘‘feeding cries’’, which only occur at night but far less
frequently than ‘‘meows’’ and ‘‘bow-shaped’’ calls. We find that roughly 73% of humpback whale non-song calls are ‘‘meows’’, roughly 22% are ‘‘bow-shaped’’ calls, and
roughly 5% are ‘‘feeding cries’’.
doi:10.1371/journal.pone.0104733.t005
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Table 6. Risch et al. statistical test statements [34].

Risch et al. Statement

Algorithmic representation

1 ‘‘While ‘before’ and ‘after’ periods differed significantly within the years
2008 and 2009 (Pv0:001), with more song recorded in the later period
in both years, this increase was not significant in 2006 (P~0:2147).’’

i
i
If T(1,
1),(3, 1) ~T(1, k),(3, k) for all k=1, then ai, 1 ~0, otherwise ai, 1 ~1.

2 ‘‘In 2006, the ‘during’ period was significantly different from the period
‘after’ (P~0:0093), with more song recorded later. The 2006 ‘during’
period was not detectably different from the period ‘before’ (P~0:5226).’’

i
i
i
i
i
6 mi(3, 1) ) AND
If T(2,
1),(3, 1) ~X (m(2, 1) vm(3, 1) ) or T(2, 1),(3, 1) ~X (m(2, 1) v
i
i
i
i
i
6 mi(2, 1) ), then ai, 2 ~0,
T(1, 1),(2, 1) ~Y (m(1, 1) vm(2, 1) ) or T(1, 1),(2, 1) ~Y (m(1, 1) v
otherwise ai, 2 ~1.

3 ‘‘When comparing the ‘during’ period across years, 2006 differed significantly
from 2009 (P~0:0057). The same time period did not differ significantly
between 2006 and 2008 (P~0:1842), or between 2008 and 2009
(P~0:4819).’’

i
i
i
i
i
6 mi(2, k) ) for all kw1, then
If T(2,
1),(2, k) ~Y (m(2, 1) vm(2, k) ) or T(2, 1),(2, k) ~Y (m(2, 1) v
ai, 3 ~1, otherwise ai, 3 ~0.

4 ‘‘Yet, overall there was considerably less song recorded in the
11 ‘during’ days in 2006 compared to both 2008 and 2009.’’

6 mi(2, k) for all kw1, then ai, 4 ~0, otherwise ai, 4 ~1.
If mi(2, 1) v

doi:10.1371/journal.pone.0104733.t006

the test year 2006 and k or m~2 for the control year 2008, a value
i
of pi(j,k),(l,m) , the P value, and a corresponding T(j,k),(l,m)
outcome
are determined for each pairwise comparison between the mean
song occurrence in the j th 11-day period of the kth year and that in
the l th 11-day period of the mth year from the Tukey tests, as
i
described in Section 3.4. From the outcomes T(j,k),(l,m)
, the
corresponding ai,n are determined based on Table 6. This is
repeated for all continuous 33-day periods, where the iz1th 33day period begins 1-day after the ith 33-day period. Only 33-day
periods that have 11-day periods with reported whale song
occurrence are included. If data is missing in any day from a 33day period, then that 33-day period is excluded from both years.
False positive rates are then determined from ai,n via Equations (1)
and (2). The Risch et al. statistical test [34] false-positively finds
whales react to sonar in (a) 100% of the 35 continuous 33-day
periods before the ‘‘during’’ period (Table 1) when no sonar is
present; and (b) 98% of the 50 continuous 33-day periods
excluding the ‘‘during’’ period (Table 1) when no sonar is present.
No valid or meaningful conclusions can be drawn from such an
overwhelmingly biased statistical test. This specific application of
the Risch et al. statistical test [34] has not been previously
reported.
When the Risch et al. statistical test [34] is applied to the same
humpback whale song occurrence data, Y2008 and Y2009 , reported
in Risch et al. [34] over the 33-day period between September 15
and October 17, with 11-day time series indices j~1 for the
‘‘before’’ period, j~2 for the ‘‘during’’ period, and j~3 for the
‘‘after’’ period, and year indices k~1 for the test year 2008 and
k~2 for the control year 2009, as well as with year indices k~2

and indices k~1 for year 2006, k~2 for year 2008 and k~3 for
year 2009, we obtain the same P values and results reported in the
‘Risch et al. Statement’ column of Table 6. Specifically, daily
humpback whale song occurrence time series denoted by Y2006 for
year 2006, Y2008 for year 2008, and Y2009 for year 2009, from
song occurrence data reported in Risch et al. [34] over the 33-day
period from September 15 to October 17, are input to the Tukey
tests of the statistical programming language ‘R’, as described in
Section 3.4. Since there is only one 33-day period from September
15 to October 17, i~1. This 33-day period consists of the three
consecutive non-overlapping 11-day periods with indices j or
l~1,2,3 and year indices k or m~1,2,3 for pairwise comparisons
between periods within and across years. A value of pi(j,k),(l,m) , the
i
P value, and a corresponding T(j,k),(l,m)
outcome are determined
for each pairwise comparison between the mean song occurrence
in the j th 11-day period of the kth year and that in the l th 11-day
period of the mth year from the Tukey tests, as described in Section
3.4.
We apply the Risch et al. statistical test [34] to the two-year
humpback whale song occurrence daily time series data reported
in Vu et al. [35] with the same statistical test settings used to obtain
the P values and results reported in the ‘Risch et al. Statement’
column of Table 6. The Vu et al. [35] daily humpback whale song
occurrence time series (Figure 3 of Ref. [35]) over the ith 33-day
period, denoted by Ji,2006 for year 2006 and Ji,2008 for year 2008,
are input to the Tukey tests of the statistical programming
language ‘R’, as described in Section 3.4. For the ith 33-day
period, consisting of three consecutive non-overlapping 11-day
periods with indices j or l~1,2,3, and year indices k or m~1 for

Table 7. Possible outcomes of each pairwise comparison between the mean humpback whale song occurrence in the j th 11-day
period of the ith 33-day period in the kth year and that in the l th 11-day period of the ith 33-day period in the mth year in the Risch
et al. statistical test [34].

i
Outcome T(j,
k),(l, m)

Description

X (mi(j, k) vmi(l, m) )

Means are not significantly different and mi(j,k) vmi(l,m)

X (mi(j, k) v
6 mi(l, m) )

Means are not significantly different and mi(j,k) v
6 mi(l,m)

Y (mi(j, k) vmi(l, m) )

Means are significantly different and mi(j,k) vmi(l,m)

Y (mi(j, k) v
6 mi(l, m) )

Means are significantly different and mi(j,k) v
6 mi(l,m)

doi:10.1371/journal.pone.0104733.t007
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for the control year 2008 and k~1 for the test year 2009, the test
false-positively finds that whales react to sonar 100% of the time
when no sonar is present, indicating self-contradictions in the
Risch et al. [34] approach, as shown in Table 2, which make their
analysis and conclusions invalid. This specific application of the
Risch et al. statistical test [34] has also not been previously
reported.

137]. (A value of n&3 would have been consistent with winddependent ambient noise with no significant shipping component
[138–140] but a value of n&3 was not obtained.) The noise levels
obtained from Equation (4) in Stellwagen Bank are consistent with
those reported in Risch et al. [34].
A standard parabolic equation model of the US Navy and the
scientific community, Range-dependent Acoustic Model (RAM)
[22,141–144], that takes into account range-dependent environmental parameters is used to calculate the transmission loss
TL(rd (v)) from the whale location to the sensor in a highly rangedependent continental-shelf environment in the Gulf of Maine
including Stellwagen Bank. The model uses experimentally
measured sound speed profiles acquired during the OAWRS
2006 experiment [19] and standard bathymetry data for the Gulf
of Maine [145]. Expected transmission loss [146] is determined
along any given propagation path from source to receiver by
Monte-Carlo simulation over range-dependent bathymetry [145]
and range-dependent sound speed structures measured from
oceanographic data [19,55,147,148]. An estimate of detection
range ^rd (v) for a given humpback whale song unit source level can
be obtained from Equation (3) by a minimum mean squared error
method. Higher transmission loss occurs in shallower waters due
to more intense and pervasive bottom interaction [20–24].
Transmission loss in deeper waters is typically significantly lower
due to upward refraction [20,22] which leads to far less intense
and pervasive bottom interaction, as is the case in the deeper
waters surrounding Georges Bank [20–24]. Highly directional
transmission loss may then occur when there are large depth
variations about a receiver. Indeed, this effect makes the detection
range of whales in directions to the North of our receiver and
Georges bank much greater than in directions to its South where
the relatively shallow waters of Georges Bank are found
(Figure 13). 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 much closer to the
receiver in the deeper waters north of Georges Bank where
transmission loss was much less greatly emphasizes the finding that
the vocalization rates originating from north of Georges Bank
were negligibly small. This indeed is expected based on general
behavioral principles [33] since the whales’ dominant prey was on
Georges Bank, where the majority of whale vocalizations
originated (Figures 1–3), and not in the deeper waters to the
North, as we note in Section 2.1. This is also consistent with the
historical distribution of humpback whales in the Gulf of Maine
during the fall season [45]. The ranges and propagation paths
from deep to shallow waters between our receiver array and
Stellwagen Bank are very similar to those between our receiver
array and the distant whale call sources localized along Georges
Bank (Figure 13). The corresponding transmission losses have
negligible differences. The fact that we localized the sources of
many whale calls on Georges Bank but found negligibly small
vocalization rates originating from Stellwagen Bank in the
‘‘before’’ or ‘‘during’’ periods, then emphasizes the fact that
vocalization rates originating from Stellwagen Bank were negligibly small in these periods. As noted in Sections 2.1 and 2.2, this is
consistent with the well documented findings that humpback
whales migrate away from Stellwagen Bank where herring stocks
have collapsed to feed at other locations that support large herring
aggregations such as Georges Bank [33]. Our transmission loss
calculations with the standard RAM parabolic equation model
have been extensively and successfully calibrated and verified with
(1) thousands of one-way transmission loss measurements made
during the same 2006 Gulf of Maine experiment discussed here at

3.5 Model for detectable humpback whale song
occurrence
Detectable humpback whale song occurrence for a coherent
sensor array can be quantified in terms of local wind-speeddependent ambient noise for a given spatial distribution of
vocalizing humpback whales. The humpback whale song occurrence depends on the presence of at least one singing humpback
whale inside the mean wind-dependent detection range of the
sensor array. The percentage of time in a day over which a
humpback whale is within the mean detection area and is singing
corresponds to the measured daily humpback whale song
occurrence rate.
The detection range [20,23,25,39,71], rd , is defined as the range
from the center of the array at which signals, in this case
humpback whale songs, can no longer be detected above the
ambient noise, and is the solution of the sonar equation [20–24],
NL(v)zDT{AG~RL(rd (v))~SL{TL(rd (v)),

ð3Þ

where NL(v) is the wind-speed-dependent ambient noise level, v is
the wind speed, DT is the detection threshold, RL is the received
sound pressure level due to a humpback whale song source level
SL undergoing a transmission loss of TL(rd (v)) at range rd (v) for
some given source and receiver depths, and AG is the array gain
equal to 10 log10 N0 for a horizontal array, where N0 is the
number of coherent sensors spaced at half wavelength [20–24].
The capability of sensor arrays with high array gain such as ours to
detect sources orders of magnitude more distant in range than a
single sensor is standard, well established and well documented in
many textbooks [20–24,27]. The array gain of our coherent
horizontal OAWRS receiver array is 18 dB, which enables
detection of whale vocalizations in an ocean acoustic waveguide
[20,22,24,27] up to either two orders of magnitude lower in SNR
or two orders of magnitude more distant in range than a single
hydrophone [20–24,27], which has zero array gain [20–24,27], by
direct inspection of Equation (3). We set the detection threshold,
DT, such that the sum of signal and noise is detectable at least
5.6 dB [129–132] above the noise. The ambient noise and the
received signal are filtered to the frequency band of the source.
Further, the wind-speed-dependent ambient noise level is modeled
as
NL(v)~10 log10

 n

av zb
1mPa2

ð4Þ

where n is the power law coefficient of wind-speed-dependent
ambient noise, a is the waveguide propagation factor [133] and b
corresponds to the constant baseline sound pressure squared in the
frequency band of the source. The coefficients n, a and b are
empirically obtained by minimizing the root mean square error
between the measured and the modeled ambient noise level as a
function of measured wind speed during the OAWRS experiment
in the Gulf of Maine [18]. We find n&1:2 in the frequency range
of the observed humpback song units, which is consistent with past
ambient noise measurements in high shipping traffic regions [134–
PLOS ONE | www.plosone.org
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the same time and at the same location [19,149]; (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 2006 Gulf of Maine
experiment discussed here at the same time and at the same
location [18,19,150]; (3) roughly one hundred two-way transmission loss measurements made from calibrated targets with known
scattering properties during the same 2006 Gulf of Maine
experiment discussed here at the same time and at the same
location [151]; and (4) thousands of one-way transmission loss
measurements made during a past OAWRS experiment conducted in a similar continental shelf environment [147].
We find that the humpback whale song source levels measured
from more than 4,000 song units recorded during the same 2006
Gulf of Maine experiment discussed here at the same time and at
the same location approximately follow a Gaussian distribution
and are in the range 155 to 205 dB re 1 mPa and 1 m (Figure 17)
with a mean of 179.8 dB re 1 mPa and 1 m and a median of
179.4 dB re 1 mPa and 1 m. The high array gain [20–25] of our
densely sampled, large aperture coherent OAWRS horizontal
receiver array used here enables detection of whale songs two
orders of magnitude lower in SNR than a single hydrophone,
which has no array gain. Our measurements of humpback whale
song source levels then have a high dynamic range and span the
wide range of published source levels [9,93,101,102,152,153],
except for those in Ref. [154], which appear to be anomalously
low compared to the rest of the literature as has been previously
noted in Ref. [9]. The mean and median of our measured source
levels match very well (within 0.6 dB) with the median of all
published humpback whale song unit source levels of 180 dB re
1 mPa and 1 m [93,101,102,152–154]. Our song unit source levels
are determined given our estimated whale positions and waveguide propagation modeling. Results in Figures 14 and 15 are
computed using our measured whale positions and the median of
all published humpback song source levels of 180 dB re 1 mPa and
1 m [93,101,102,152–154], which has negligible difference from
our measured median and mean song source levels, for the range
of measured humpback singing depths of 2 m to 25 m [152,155].
Results in Figures 14 and 15 are insensitive to variations in whale
position variations within the errors we report for our measured
whale positions in Section 3.3, and so are insensitive to the whale
position errors of our measurement system. Insensitivity here
means the measured to modeled song occurrence match is within
618% as in Figure 15.
The total humpback whale song occurrence in a day detectable
by a sensor in varying wind speeds is
Tsong ~

Ð Tday
0

S(t)dt,

Figure 17. Histogram of the measured humpback whale song
unit source levels. The humpback whale song unit source levels
measured from more than 4,000 recorded song units during the same
2006 Gulf of Maine experiment discussed here at the same time and at
the same location approximately follow a Gaussian distribution and are
in the range 155 to 205 dB re 1 mPa and 1 m with a mean of 179.8 dB re
1 mPa and 1 m and a median of 179.4 dB re 1 mPa and 1 m, which are
within 0.6 dB of the median of all published humpback whale song unit
source levels of 180 dB re 1 mPa and 1 m [93,101,102,152–154]. The
solid and dashed gray lines represent the mean and the median of the
measured humpback song unit source levels, respectively.
doi:10.1371/journal.pone.0104733.g017

lag, where perfect temporal correlation exists, is one. The time lag
at which the autocorrelation function falls to 1/e is the e-folding
time scale defining the width of the correlation peak, or coherence
time scale, within which processes are conventionally taken to be
correlated [156,157]. The e-folding time scale of the Vu et al. [35]
annual humpback whale song occurrence time series is 18 days for
2006 and 21 days for 2008 (Figure 18). The roughly 20-day
coherence time scale shows that the humpback song occurrence
gradually changes over periods longer than the 11-day periods
analyzed in Risch et al. [34]. This time is consistent with the
smooth and gradual transition in Figure 12 of the correlation
coefficient of 11-day periods across years from negative values in
the ‘‘before’’ period to some of the highest positive correlations
obtained between years in the ‘‘during’’ period, which contradicts
the results of the Risch et al. [34] study and is consistent with a
violation of temporal causality in the Risch et al. [34] study. It is
noteworthy that (1) the humpback song occurrence dropped to
zero in the ‘‘before’’ period, and (2) only after a time period
consistent with the measured coherence time scale of song
occurrence, within which temporal processes are correlated, did
song occurrence begin to increase in the ‘‘during’’ period
(Figure 10). The Risch et al. [34] analysis then also violates
temporal causality because the correlated processes that caused the
reduction in humpback song occurrence started days before the
OAWRS survey transmissions began, yet the analysis and
conclusions of Risch et al. [34] offer no other explanation than
these OAWRS survey transmissions for the reduction, when only
other causes are causally possible. Indeed as we have shown in
Section 2.2 non-sonar causes regularly lead to such changes in
song occurrence, and as we have shown in Section 3.5 standard
detection range variations from measured wind speed dependent
noise variations at Stellwagen and measured humpback whale
song sources near Georges Bank completely account for the
changes reported in Risch et al. [34].

ð5Þ

where S(t)~1 when ^rd (v(t)) is greater than or equal to the
minimum of ri (t) over all i, and S(t)~0 when ^rd (v(t)) is less than
the minimum of ri (t) over all i, where i~1,2,:::,Nw , Nw is the total
number of singing whales, v(t) is the measured wind speed, ri (t) is
the range of the ith singing humpback whale from the sensor at
time t, and Tday is the full diurnal time period of 24 hours. The
Ts o n g
.
detectable humpback whale song occurrence rate is then
Tday

3.6 Autocorrelation of annual humpback whale song
occurrence time series in 2006 and 2008
We calculated the normalized autocorrelation function [156] of
the Vu et al. [35] 2006 and 2008 annual humpback whale song
occurrence time series. The autocorrelation function at zero time
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Figure 18. Autocorrelation of Vu et al. [35] humpback whale song occurrence time series in 2006 and 2008. The e-folding time scale te
of the Vu et al. [35] annual humpback whale song occurrence time series is (A) 18 days for 2006 and (B) 21 days for 2008. The roughly 20-day
coherence time scale shows that the humpback song occurrence gradually changes over periods longer than the 11-day periods analyzed in Risch
et al. [34]. It is noteworthy that (1) the humpback song occurrence dropped to zero in the ‘‘before’’ period, and (2) only after a time period consistent
with the measured coherence time scale of song occurrence, within which temporal processes are correlated, did song occurrence begin to increase
in the ‘‘during’’ period (Figure 10). The Risch et al. [34] analysis then violates temporal causality because the correlated processes that caused the
reduction in humpback song occurrence started days before the OAWRS survey transmissions began, yet the analysis and conclusions of Risch et al.
[34] offer no other explanation than these survey transmissions for the reduction. Both time series show high correlation at a time lag of roughly
seven months due to increases in song occurrence during the spring and fall seasons (Figure 10), separated by roughly seven months.
doi:10.1371/journal.pone.0104733.g018
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49. Mackinson S, Nøttestad L, Guénette S, Pitcher T, Misund O, et al. (1999)
Cross-scale observations on distribution and behavioural dynamics of ocean
feeding Norwegian spring-spawning herring (Clupea harengus L.). ICES J Mar
Sci 56: 613–626.
50. Madsen P, Wahlberg M, Møhl B (2002) Male sperm whale (Physeter
macrocephalus) acoustics in a high-latitude habitat: implications for echolocation and communication. Behav Ecol Sociobiol 53: 31–41.
51. Tyack P, Clark CW (2000) Communication and acoustic behavior of whales
and dolphins. In: Au WWL, Popper AN, Fay RR, editors, Hearing by Whales
and Dolphins, Handbook on Auditory Research, Springer, Berlin Heidelberge,
New York. pp.156–224.
52. Edds-Walton PL (1997) Acoustic communication signals of mysticete whales.
Bioacoustics 8: 47–60.
53. Johnson M, Hickmott L, Soto N, Madsen P (2008) Echolocation behaviour
adapted to prey in foraging Blainville’s beaked whale (Mesoplodon densirostris).
Proc R Soc B 275: 133–139.
54. Stimpert A, Wiley D, Au W, Johnson M, Arsenault R (2007) Megapclicks:
acoustic click trains and buzzes produced during night-time foraging of
humpback whales (Megaptera novaeangliae). Biol Lett 3: 467–470.
55. Jagannathan S, Symonds D, Bertsatos I, Chen T, Nia H, et al. (2009) Ocean
Acoustic Waveguide Remote Sensing (OAWRS) of marine ecosystems. Mar
Ecol Prog Ser 395: 137–160.
56. Ratilal P, Lai Y, Symonds DT, Ruhlmann LA, Preston JR, et al. (2005) Long
range acoustic imaging of the continental shelf environment: The Acoustic
Clutter Reconnaissance Experiment 2001. J Acoust Soc Am 117: 1977–1998.
57. Chia CS, Makris NC, Fialkowski LT (2000) A comparison of bistatic scattering
from two geologically distinct abyssal hills. J Acoust Soc Am 108: 2053–2070.
58. Makris NC, Chia CS, Fialkowski LT (1999) The bi-azimuthal scattering
distribution of an abyssal hill. J Acoust Soc Am 106: 2491–2512.
59. Makris NC, Avelino LZ, Menis R (1995) Deterministic reverberation from
ocean ridges. J Acoust Soc Am 97: 3547–3574.
60. Makris NC, Berkson JM (1994) Long-range backscatter from the mid-Atlantic
ridge. J Acoust Soc Am 95: 1865–1881.
61. Makris NC (1993) Imaging ocean-basin reverberation via inversion. J Acoust
Soc Am 94: 983–993.
62. Lai Y (2004) Acoustic scattering from stationary and moving targets in shallow
water environments - with application of humpback whale detection and
localization. PhD dissertation, Massachusetts Institute of Technology, Department of Ocean Engineering.
63. Jech J, Michaels W (2006) A multifrequency method to classify and evaluate
fisheries acoustics data. Can J Fish Aquat Sci 63: 2225–2235.
64. Nero RW, Thompson CH, Jech JM (2004) In situ acoustic estimates of the
swimbladder volume of Atlantic herring (Clupea harengus). ICES J Mar Sci:
Journal du Conseil 61: 323–337.
65. Rose G (2007) Cod: The Ecological History of the North Atlantic Fisheries.
Breakwater Books. Available: http://books.google.com/books?id=tDNe7
GOOwfwC (Accessed 2014 Jul 21).
66. Cerchio S, Dahlheim M (2001) Variation in feeding vocalizations of humpback
whales (Megaptera novaeangliae) from Southeast Alaska. Bioacoustics 11: 277–
296.
67. Clark CW, Clapham PJ (2004) Acoustic monitoring on a humpback whale
(Megaptera novaeangliae) feeding ground shows continual singing into late
spring. Proc R Soc B 271: 1051–1057.
68. Altman D (1991) Practical Statistics for Medical Research. Chapman & Hall/
CRC, 409–419 pp.
69. Chow S, Liu J (1998) Design and Analysis of Clinical Trials: Concept and
Methodologies. Wiley-Interscience, 89–93 pp.
70. Van Trees HL (2001) Detection, Estimation, and Modulation Theory, Part I.
Wiley-Interscience, 23–46 pp.
71. Council NR (1997) Oceanography and Naval Special Warfare: Opportunities
and Challenges. Technical report, National Academy of Sciences.

8. Mattila DK, Guinee LN, Mayo CA (1987) Humpback whale songs on a North
Atlantic feeding ground. J Mamm 68: 880–883.
9. Thompson PO, Cummings WC, Ha SJ (1986) Sounds, source levels and
associated behavior of humpback whales, Southeast Alaska. J Acoust Soc Am
80: 735–740.
10. Noad M, Cato D (2001) A combined acoustic and visual survey of humpback
whales off southeast Queensland. Mem Queensl Mus 47: 507–523.
11. Cato D (1998) Simple methods of estimating source levels and locations of
marine animal sounds. J Acoust Soc Am 104: 1667–1678.
12. McDonald MA, Fox CG (1999) Passive acoustic methods applied to fin whale
population density estimation. J Acoust Soc Am 105: 2643–2651.
13. Watkins W, Daher M, Reppucci G, George J, Martin D, et al. (2000)
Seasonality and distribution of whale calls in the North Pacific. Oceanography
13: 62–67.
14. Stafford K, Nieukirk S, Fox C (2001) Geographic and seasonal variation of blue
whale calls in the North Pacific. J Cetacean Res Manage 3: 65–76.
15. Watkins W, Daher M, George J, Rodriguez D (2004) Twelve years of tracking
52-hz whale calls from a unique source in the North Pacific. Deep-Sea Res
Part I 51: 1889–1901.
16. Barlow J, Taylor B (2005) Estimates of sperm whale abundance in the
northeastern temperate Pacific from a combined acoustic and visual survey.
Mar Mamm Sci 21: 429–445.
17. Thode A (2004) Tracking sperm whale (Physeter macrocephalus) dive profiles
using a towed passive acoustic array. J Acoust Soc Am 116: 245–253.
18. Makris NC, Ratilal P, Jagannathan S, Gong Z, Andrews M, et al. (2009)
Critical Population Density Triggers Rapid Formation of Vast Oceanic Fish
Shoals. Science 323: 1734–1737.
19. Gong Z, Andrews M, Jagannathan S, Patel R, Jech J, et al. (2010) Lowfrequency target strength and abundance of shoaling Atlantic herring (Clupea
harengus) in the Gulf of Maine during the Ocean Acoustic Waveguide Remote
Sensing 2006 Experiment. J Acoust Soc Am 127: 104–123.
20. Urick RJ (1983) Principles of Underwater Sound. New York: McGraw Hill,
29–65 and 343–366 pp.
21. Clay CS, Medwin H (1977) Acoustical Oceanography, John Wiley Sons Inc,
New York. pp.494–501.
22. Jensen FB, Kuperman WA, Porter MB, Schmidt H (2011) Computational
Ocean Acoustics. New York: Springer-Verlag, 2nd edition, 708–713 pp.
23. Tolstoy I, Clay C (1966) Ocean Acoustics: Theory and Experiment in
Underwater Sound. McGraw-Hill, 1–9 pp.
24. Burdic WS (1984) Underwater Acoustic System Analysis, Prentice-Hall
Englewood Cliffs NJ, volume 2. pp.322–360.
25. Kay S (1998) Fundamentals of Statistical Signal Processing, Volume II:
Detection Theory, volume 7. Upper Saddle River (New Jersey), 512 pp.
26. Crocker MJ (1998) Handbook of Acoustics. Wiley Interscience, 460 pp.
27. Rossing TD (2007) Springer Handbook of Acoustics. Springer Science +
Business Media, New York, 179 pp.
28. Lurton X (2002) An Introduction to Underwater Acoustics. Springer-Verlag,
172–180 pp.
29. Gong Z, Tran D, Ratilal P (2013) Comparing passive source localization and
tracking approaches with a towed horizontal receiver array in an ocean
waveguide. J Acoust Soc Am 134: 3705–3720.
30. Lee S, Makris NC (2006) The array invariant. J Acoust Soc Am 119: 336–351.
31. Council NEFM (2011) Draft Amendment 5 to the Fishery Management Plan
(FMP) for Atlantic Herring Including a Draft Environmental Impact Statement
(DEIS), Volume 1. Technical report, New England Fishery Management
Council in consultation with National Marine Fisheries Service, Atlantic States
Marine Fisheries Commission and Mid-Atlantic Fishery Management Council.
32. King J, Camisa M, Manfredi V, Correia S (2011) Massachuseets Fishery
Resource Assessment: 2010 Annual Performance Report. Technical report,
Massachusetts Division of Marine Fisheries, United States Department of
Interior Fish and Wildlife Service, Region 5 Wildlife and Sport Fish
Restoration Program.
33. Weinrich M, Martin M, Bove J, Schilling M (1997) A shift in distribution of
humpback whales, Megaptra novaeangliae, in response to prey in the southern
Gulf of Maine. Fish Bull 95: 826–836.
34. Risch D, Corkeron PJ, Ellison WT, Van Parijs SM (2012) Changes in
humpback whale song occurrence in response to an acoustic source 200 km
away. PLoS ONE 7: e29741.
35. Vu ET, Risch D, Clark CW, Gaylord S, Hatch LT, et al. (2012) Humpback
whale song occurs extensively on feeding grounds in the western North Atlantic
Ocean. Aquat Biol 14: 175–193.
36. Moore D, McCabe G, Craig B (2010) Introduction to the Practice of Statistics.
W. H. Freeman and Company, 268–294 pp.
37. Goldman R, Weinberg J (1985) Statistics, An Introduction, Prentice-Hall,
chapter 3. pp.240–260.
38. Li Q (2012) Digital Sonar Design in Underwater Acoustics: Principles and
Applications. New York: Springer-Verlag, 168–178 pp.
39. Au WWL (1993) The Sonar of Dolphins. Springer-Verlag, 8 pp.
40. Makris NC, Ratilal P, Symonds DT, Jagannathan S, Lee S, et al. (2006) Fish
Population and Behavior Revealed by Instantaneous Continental Shelf-Scale
Imaging. Science 311: 660–663.
41. Makris NC (2003) Geoclutter Acoustics Experiment 2003 Cruise Report.
Technical report, MIT.

PLOS ONE | www.plosone.org

22

October 2014 | Volume 9 | Issue 10 | e104733

Ecosystem Scale Humpback Whale Behavior

103. Parks S, Searby A, Celerier A, Johnson M, Nowacek D, et al. (2011) Sound
production behavior of individual North Atlantic right whales: implications for
passive acoustic monitoring. Endanger Species Res 15: 63–76.
104. Vanderlaan AS, Hay AE, Taggart CT (2003) Characterization of North
Atlantic right-whale (Eubalaena glacialis) sounds in the Bay of Fundy.
IEEE J Ocean Eng 28: 164–173.
105. Matthews J, Brown S, Gillespie D, Johnson M, McLanaghan R, et al. (2001)
Vocalisation rates of the North Atlantic right whale (Eubalaena glacialis).
J Cetacean Res Manage 3: 271–282.
106. Laurinolli MH, Hay AE, Desharnais F, Taggart CT (2003) Localization of
North Atlantic right whale sounds in the Bay of Fundy using a sonobuoy array.
Mar Mamm Sci 19: 708–723.
107. Edds-Walton PL (2000) Vocalizations of Minke Whales Balaenoptera
acutorostrata in the St. Lawrence Estuary. Bioacoustics 11: 31–50.
108. Parks SE, Hamilton PK, Kraus SD, Tyack PL (2005) The gunshot sound
produced by male North Atlantic right whales (Eubalaena glacialis) and its
potential function in reproductive advertisement. Mar Mamm Sci 21: 458–475.
109. Mellinger DK, Carson CD, Clark CW (2000) Characteristics of minke whale
(Balaenoptera acutorostrata) pulse trains recorded near Puerto Rico. Mar
Mamm Sci 16: 739–756.
110. Nieukirk SL, Stafford KM, Mellinger DK, Dziak RP, Fox CG (2004) Lowfrequency whale and seismic airgun sounds recorded in the mid-Atlantic
Ocean. J Acoust Soc Am 115: 1832.
111. Rankin S, Barlow J (2007) Vocalizations of the sei whale Balaenoptera borealis
off the Hawaiian Islands. Bioacoustics 16: 137–145.
112. Baumgartner MF, Fratantoni DM (2008) Diel periodicity in both sei whale
vocalization rates and the vertical migration of their copepod prey observed
from ocean gliders. Limono Oceanogr 53: 2197–2209.
113. Knowlton A, Clark CW, Kraus S (1991) Sounds recorded in the presence of sei
whale, Balaenoptera borealis. J Acoust Soc Am 89: 1968.
114. Thompson TJ, Winn HE, Perkins PJ (1979) Mysticete Sounds. Springer.
115. Overholtz W, Link J (2007) Consumption impacts by marine mammals, fish,
and seabirds on the Gulf of Maine–Georges Bank Atlantic herring (Clupea
harengus) complex during the years 1977–2002. ICES J Mar Sci: Journal du
Conseil 64: 83–96.
116. Winn H, Winn L (1978) The song of the humpback whale Megaptera
novaeangliae in the West Indies. Mar Biol 47: 97–114.
117. Darling JD, Jones ME, Nicklin CP (2006) Humpback whale songs: Do they
organize males during the breeding season? Behaviour 143: 1051–1102.
118. Glockner DA, Venus S (1983) Determining the sex of humpback whales
(Megaptera novaeangliae) in their natural environment. In: Communication
and Behavior of Whales. AAAS Selected Symposia Series, Westview Press,
Boulder, CO, USA. pp.447–464.
119. FURUNO Marine GPS Navigator Model GP-90 brochure, FURUNO
Electric CO., LTD. Available: http://techserv.gso.uri.edu/DownLoad/
FurunoGP90.pdf (Accessed 2013 Apr 18).
120. Thode A, Skinner J, Scott P, Roswell J, Straley J, et al. (2010) Tracking sperm
whales with a towed acoustic vector sensor. J Acoust Soc Am 128: 2681–2694.
121. Hinich MJ, Rule W (1975) Bearing estimation using a large towed array.
J Acoust Soc Am 58: 1023–1029.
122. Mukhopadhyay N, Datta S, Chattopadhyay S (2013) Applied sequential
methodologies: real-world examples with data analysis, CRC Press. pp.11–16.
123. Greening MV, Perkins JE (2002) Adaptive beamforming for nonstationary
arrays. J Acoust Soc Am 112: 2872–2881.
124. Born M, Wolf E (1999) Principles of Optics: Electromagnetic Theory of
Propagation, Interference and Diffraction of Light. CUP Archive, 462 pp.
125. Rayleigh L (1879) Xxxi. Investigations in optics, with special reference to the
spectroscope. Lond Edinb Dubl Philos Mag 8: 261–274.
126. Tukey J (1991) The philosophy of multiple comparisons. Stat Sci 6: 100–116.
127. Bretz F, Hothorn T, Westfall P (2010) Multiple comparisons using R.
Chapman & Hall/CRC, 82–93 pp.
128. R: a language and environment for statistical computing. R Development Core
Team. Available: http://www.R-project.org (Accessed 2012 Oct 29).
129. Makris NC (1996) The effect of saturated transmission scintillation on ocean
acoustic intensity measurements. J Acoust Soc Am 100: 769–783.
130. Dyer I (1970) Statistics of Sound Propagation in the Ocean. J Acoust Soc Am
48: 337–345.
131. Medwin H, Blue JE (2005) Sounds in the Sea: From Ocean Acoustics to
Acoustical Oceanography. Cambridge University Press.
132. Pierce AD (1989) Acoustics: An Introduction to its Physical Principles and
Applications. Acoust Soc Am.
133. Wilson JD, Makris NC (2006) Ocean acoustic hurricane classification. J Acoust
Soc Am 119: 168–181.
134. Cato D (1976) Ambient sea noise in waters near Australia. J Acoust Soc Am 60:
320–328.
135. Burgess A, Kewley D (1983) Wind-generated surface noise source levels in deep
water east of Australia. J Acoust Soc Am 73: 201–210.
136. Crouch WW, Burt PJ (1972) The Logarithmic Dependence of SurfaceGenerated Ambient-Sea-Noise Spectrum Level on Wind Speed. J Acoust Soc
Am 51: 1066–1072.
137. Piggott C (1964) Ambient sea noise at low frequencies in shallow water of the
Scotian Shelf. J Acoust Soc Am 36: 2152–2163.

72. National Data Buoy Center. National Oceanic and Atmospheric Administration. Available: http://www.ndbc.noaa.gov/(Accessed 2012 Oct 29).
73. Wenz GM (1962) Acoustic Ambient Noise in the Ocean: Spectra and Sources.
J Acoust Soc Am 34: 1936–1956.
74. Abbott B, Ahmed R, Greene G, Kristanovich FC, Luchessa S, et al. (2011)
Comments on Drakes Bay Oyster Company Special Use Permit Environmental Impact Statement: Point Reyes National Seashore. ENVIRON International Corporation, Seattle, Washington.
75. Ocean Studies Board, The Division on Earth and Life Studies, The National
Academies (2012) Scientific Review of the Draft Environmental Impact
Statement: Drakes Bay Oyster Company Special Use Permit. National
Academies Press.
76. WhaleWatch. New England Aquarium. Available: http://www.neaq.org/
visit_planning/whale_watch/index.php (Accessed 2012 Oct 29).
77. Hatch L, Clark C, Merrick R, Van Parijs S, Ponirakis D, et al. (2008)
Characterizing the Relative Contributions of Large Vessels to Total Ocean
Noise Fields: A Case Study Using the Gerry E. Studds Stellwagen Bank
National Marine Sanctuary. Environ Manage 42: 735–752.
78. Greene CR, Moore SE (1995) Man-made noise. In: Richardson WJ, Greene
CR, Malme CI, Thomson DH, editors, Marine Mammals and Noise,
Academic Press: New York, chapter 12. pp.437–452.
79. Nowacek DP, Thorne LH, Johnston DW, Tyack PL (2007) Responses of
cetaceans to anthropogenic noise. Mammal Rev 37: 81–115.
80. Pater LL, Grubb TG, Delaney DK (2009) Recommendations for improved
assessment of noise impacts on wildlife. J Wildl Manage 73: 788–795.
81. Chapter 8.16, noise control. Code of Ordinances, Cambridge, Massachusetts.
Available: http://library.municode.com/HTML/16889/level2/TIT8HESA_CH8.
16NOCO.html (Accessed 2014 Jul 21).
82. McCarthy E (2004) International Regulation of Underwater Sound: Establishing Rules and Standards to Address Ocean Noise Pollution, Springer, chapter 1
& 2.
83. Ocean Studies Board, National Research Council (2000) Marine Mammals
and Low-Frequency Sound: Progress Since 1994, National Academies Press,
chapter 1 & 2.
84. Endangered and Threatened Species: Designation of Critical Habitat for Cook
Inset BelugaWhale. Proposed Rules, Federal Register. Technical report,
National Oceanic and Atmospheric Administration. Department of Commerce
National Oceanic & Atmospheric Administration.
85. Berger E (2003) The Noise Manual. AIHA, 26 pp.
86. Oster E (2004) Witchcraft, Weather and Economic Growth in Renaissance
Europe. J Econ Perspect 18: 215–228.
87. Behringer W (1999) Climatic change and witch-hunting: the impact of the
Little Ice Age on mentalities. Clim Chang 43: 335–351.
88. Pavlac BA (2009) Witch Hunts in the Western World: Persecution and
Punishment from the Inquisition through the Salem Trials, Greenwood Pub
Group. pp.1–188.
89. Ashforth A (2001) AIDS, witchcraft, and the problem of power in postapartheid South Africa. School of Social Science. Princeton NJ: School of
Social Science, Institute for Advanced Study.
90. Miguel E (2005) Poverty and witch killing. Rev Econ Stud 72: 1153–1172.
91. Becker K, Preston JR (2003) The ONR Five Octave Research Array (FORA)
at Penn State. IEEE J Ocean Eng 5: 2607–2610.
92. Au W, Mobley J, Burgess W, Lammers M, Nachtigall P (2000) Seasonal and
diurnal trends of chorusing humpback whales wintering in waters off western
Maui. Mar Mamm Sci 16: 530–544.
93. Cato DH, Paterson RA, Paterson P (2001) Vocalisation rates of migrating
humpback whales over 14 years. Mem Queensl Mus 47: 481–490.
94. Tyack PL (1981) Interactions between singing Hawaiian humpback whales and
conspecifics nearby. Behav Ecol Sociobiol 8: 105–116.
95. Stimpert AK, Au WW, Parks SE, Hurst T, Wiley DN (2011) Common
humpback whale (Megaptera novaeangliae) sound types for passive acoustic
monitoring. J Acoust Soc Am 129: 476–482.
96. Mellinger D, Stafford K (2007) Fixed Passive Acoustic Observation Methods
for Cetaceans. Oceanography 20: 36–45.
97. Swartz SL, Martinez A, Stamates J, Burks C, Mignucci-Giannoni A (2002)
Acoustic and Visual Survey of Cetaceans in the Waters of Puerto Rico and the
Virgin Islands, February-March 2001. US Department of Commerce, National
Oceanic and Atmospheric Administration, NOAA Fisheries, Southeast
Fisheries Science Center.
98. Baumgartner MF, Mussoline SE (2011) A generalized baleen whale call
detection and classification system. J Acoust Soc Am 129: 2889.
99. Rebull OG, Cusı́ JD, Fernández MR, Muset JG (2006) Tracking fin whale calls
offshore the Galicia Margin, North East Atlantic Ocean. J Acoust Soc Am 120:
2077.
100. Oswald JN, Barlow J, Norris TF (2003) Acoustic identification of nine delphinid
species in the eastern tropical Pacific Ocean. Mar Mamm Sci 19: 20–037.
101. Winn HE, Perkins PJ, Poulter TC (1970) Sounds of the humpback whale. In:
Proc 7th Annu Conf of Biol Sonar pp.39–52.
102. Au WWL, Andrews K (2001)Feasibility of using acoustic DIFAR technology to
localize and estimate Hawaiian humpback whale population. Technical report,
Hawaiian Islands Humpbak Whale National Marine Sanctuary, Office of
National Marine Santuaries, NOAA, US Dept. of Commerce and Department
of Land and Natural Resources, State of Hawaii, USA .

PLOS ONE | www.plosone.org

23

October 2014 | Volume 9 | Issue 10 | e104733

Ecosystem Scale Humpback Whale Behavior

154. Levenson C (1972) Characteristics of sound produced by humpback whales
(Megaptera novaeangliae). NAV-OCEANO Technical Note: 7700–7706.
155. Thode AM, Gerstoft P, Burgess WC, Sabra KG, Guerra M, et al. (2006) A
Portable Matched-Field Processing System Using Passive Acoustic Time
Synchronization. IEEE J Ocean Eng 31: 696–710.
156. Zar JH (1984) Biostatistical Analysis. 2nd edition, pp.1–688.
157. Archer D (2007) Global Warming: Understanding the Forecast, Cambridge
Univ Press. p. 48.
158. Gerry E. Studds Stellwagen Bank National Marine Sanctuary: Research
Programs. National Oceanic and Atmospheric Administration. Available:
http://stellwagen.noaa.gov/about/location.html (Accessed 2012 Oct 31).
159. Allen J, Peterson M, Sharrard G, Wright D, Todd S (2012) Radiated noise
from commercial ships in the Gulf of Maine: Implications for whale/vessel
collisions. J Acoust Soc Am 132: EL229–EL235.
160. Kipple B, Gabriele C (2004) Underwater noise from skiffs to ships. In: Proc. of
Glacier Bay Science Symposium. pp.172–175.
161. Arveson P, Vendittis D (2000) Radiated noise characteristics of a modern cargo
ship. J Acoust Soc Am 107: 118–129.
162. Vasconcelos RO, Amorim MCP, Ladich F (2007) Effects of ship noise on the
detectability of communication signals in the Lusitanian toadfish. J Exp Biol
210: 2104–2112.
163. Pol M, Carr AH (2002) Developing a low impact sea scallop dredge, Final
Report NOAA/NMFS Saltonstall-Kennedy Program NA96FD0072. Technical report, Massachusetts Division of Marine Fisheries, Pocasset, MA, USA.
164. Lesage V, Barrette C, Kingsley M, Sjare B (1999) The effect of vessel noise on
the vocal behavior of belugas in the St. Lawrence River Estuary, Canada. Mar
Mamm Sci 15: 65–84.
165. Erbe C (2002) Underwater noise of whale-watching boats and potential effects
on killer whales (Ornicus orca), based on an acoustic impact model. Mar
Mamm Sci 18: 394–418.
166. Pack AA, Potter J, Herman LM, Hoffmann-Kuhnt M, Deakos MH (2001)
Determining source levels, sound fields, and body sizes of singing humpback
whales (Megaptra novaeangliae) in the Hawaiian Winter Grounds. Technical
report, The Dolphin Institute, Honolulu, Hawaii.
167. Gerry E. Studds Stellwagen Bank National Marine Sanctuary Condition
Report 2007. U.S. Department of Commerce, National Oceanic and
Atmospheric Administration, National Marine Sanctuary Program, Silver
Spring, MD.
168. Gerry E. Studds Stellwagen Bank National Marine Sanctuary: Whalewatching
Guidelines, Northeast Region including Stellwagen Bank. National Oceanic
and Atmospheric Administration. Available: http://stellwagen.noaa.gov/visit/
whalewatching/guidelines.html (Accessed 2012 Oct 29).

138. Cato DH, Tavener S (1997) Ambient sea noise dependence on local, regional
and geostrophic wind speeds: implications for forecasting noise. Appl Acoust
51: 317–338.
139. Kewley D, Browning D, Carey W (1990) Low-frequency wind-generated
ambient noise source levels. J Acoust Soc Am 88: 1894–1902.
140. Wilson JD, Makris NC (2008) Quantifying hurricane destructive power, wind
speed, and air-sea material exchange with natural undersea sound. Geophys
Res Lett 35: L10603.
141. Collins MD (1993) Generalization of the Split-Step Padé solution. J Acoust Soc
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