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INTRODUCTION

Choosing an appropriate sampling scale is a chal-
lenge central to the practice of field ecology (e.g. Levin
1992). This challenge is particularly acute for marine
species, where logistics often restrict sampling in
space and time. Investigating the habitat use of large
whales, many of which can travel 100s of kilometers a
day and roam entire ocean basins in the course of a
year (e.g. Watkins et al. 1996, Mate et al. 1999), poses
just this type of sampling challenge. In the early 1990s,
the United States Navy provided scientists with an
unprecedented acoustic sampling tool for northern
hemisphere ocean basins via access to their SOSUS
system (Nishimura & Conlon 1994). The late Bill
Watkins pioneered the use of SOSUS to track blue
whales Balaenoptera musculus and fin whales B.
physalus in the North Pacific, successfully describing

their seasonal calling patterns across much of the basin
(Watkins et al. 2000). The exceptionally high number
of blue whale calls in the northwestern quadrant of the
Pacific precipitated a provisional investigation of envi-
ronmental correlates and showed that high call counts
followed patterns of seasonal productivity (Moore et al.
2002). Since those initial publications, additional years
of calling data have been analyzed and investigation of
oceanographic correlates broadened. The results of
those efforts are presented here, in the correlation of
environmental parameters with the longest continuous
acoustic study of blue and fin whales in the North
Pacific basin.

The science of behavioral ecology seeks to deter-
mine how animals are influenced by their environment
(Krebs & Davies 1993). Investigations generally seek to
understand specific behavioral responses to physical
cues in the environment. Again, large whales pose a
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particular challenge in that they are out of view most of
the time. In the North Pacific, Japanese commercial
whalers made the first associations between large
whale seasonal distribution and oceanographic pat-
terns (Uda & Nasu 1956, Nasu 1963, 1966). While some
of these qualitative observations have since been
quantified, generally they focus on comparatively
small spatial or temporal scales (e.g. Fiedler et al. 1999,
Baumgartner & Mate 2005). A number of recent stud-
ies have focused on correlation of blue whale occur-
rence or behavior with oceanographic parameters
(Moore et al. 2002, Croll et al. 2005), with fewer studies
focused on fin whales (e.g. Springer et al. 1999).

Although blue and fin whales are closely related
they have notable differences in prey selection and
acoustic behavior. Blue whales feed almost exclusively
on euphausiids (Yochem & Leatherwood 1985), so the
food chain that they exploit is short and closely linked
to primary productivity. Conversely, fin whales are
much more catholic in their diet, consuming krill but
also other zooplankton and schooling fish (Piatt et al.
1989, Flinn et al. 2002).

The status of blue and fin whale populations in the
North Pacific is poorly known; any information on
these species, even at broad scales, is valuable. Aerial
surveys have been used to estimate local abundance of
both fin whales (Barlow 1995, Zerbini et al. 2006) and
blue whales (Calambokidis et al. 1990, 2009, Calam-
bokidis & Barlow 2004, Rankin et al. 2006). While these
surveys have provided valuable information on local
abundance, they are limited in extent and seasonal
coverage. As such, passive acoustic monitoring has
provided the bulk of seasonal and geographic informa-
tion for both species (e.g. Watkins et al. 2000, Stafford
et al. 2007).

Vocalizations of both species have the lowest fre-
quency of all cetaceans and are produced in roughly
the same bandwidth, from 15 to 30 Hz fundamental
frequencies (Mellinger et al. 2007). Fortunately, vocal-
izations are readily distinguishable between fin
(Watkins 1981, Watkins et al. 1987) and blue whales
(Thompson et al. 1996, Rivers 1997), as well as among
different populations of blue whales (Stafford et al.
2001, McDonald et al. 2006). Fin whales produce short
(<1 s) pulses that span from 35 to 15 Hz (Watkins 1981),
while blue whales in the North Pacific produce very
long (15 to 20 s) tonal sounds from around 18 to 20 Hz
(Stafford et al. 2001). Further, blue whales in the north-
western and northeastern Pacific produce distinctly
different sounds that have been proposed to represent
2 North Pacific ‘acoustic populations’ (Stafford et al.
2001).

Each species produces a variety of sound types, some
of which have been loosely matched to behavioral con-
texts (Watkins 1981, McDonald et al. 1995, Oleson et

al. 2007a). The best documented acoustic behavior for
each species is the production of long, repeated call
series, often termed their ‘song’. This behavior has
been hypothesized to be a type of male reproductive
display (Watkins et al. 1987, McDonald et al. 2001). In
the North Pacific, blue whales ‘sing’ year-round (but in
different regions; Stafford et al. 1999), whereas fin
whales seem to restrict this type of display to fall and
winter months (Thompson & Friedl 1982, Watkins et al.
2000, Stafford et al. 2007). It has been hypothesized
that fin whales sing as a prey advertisement (Payne &
Webb 1971, Croll et al. 2002, Clark & Gagnon 2004)
and that diel patterns in blue whale singing may be
related to prey movements in the water column
(Stafford et al. 2005) or that feeding and calling in blue
whales might be mutually exclusive (Wiggins et al.
2005).

Although recent advances in recording technology
and automatic detection of whale calls have greatly
expanded our understanding of the behavioral ecology
of sound production by large whales (e.g. Mellinger &
Clark 2000, Oleson et al. 2007a), ocean basin-scale
monitoring began with navy analysts painstakingly
visually examining spectrograms at naval facilities
(Nishimura & Conlon 1994). In both the Atlantic and
Pacific Oceans the dual use of passive acoustic and
visual systems has provided information on the occur-
rence of vocal large whales from times and locations
that would otherwise have been nearly impossible to
monitor at the time (i.e. Watkins et al. 2000, Mellinger
& Clark 2003).

In the present study, we examined long-term trends
in, and correlated 3 oceanographic variables with, call
counts of blue and fin whales in 4 broad regions of the
North Pacific (see Fig. 1). Each region differs in
oceanographic attributes including circulation and
productivity. Three of the regions are in the subarctic
Pacific (western, central and eastern), with the fourth
region in the temperate eastern Pacific. Seasonal
oceanographic patterns in the western and central
subarctic regions are largely driven by the position and
strength of the Aleutian Low (Minobe 1997), while in
the eastern subarctic and temperate Pacific atmos-
pheric forcing along the transition zone strongly influ-
ences seasonal patterns. Of the 3 subarctic areas, the
western region has higher primary and secondary pro-
ductivity than the central or eastern areas due to the
dynamic currents that characterize the western sub-
arctic gyre (Sugimoto & Tadokoro 1997, Taniguchi
1999, Mackas & Tsuda 1999, Springer et al. 1999). Of
note, the expression of the El Niño–Southern Oscilla-
tion (ENSO) pattern is strongest in the temperate
region, weakening from there north- and westward.

We compared monthly values of satellite-derived
measures of sea-surface temperature (SST), surface
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chlorophyll a concentration (chl a), and mixed-layer
depth (MLD) with blue and fin whale call detections to
determine if oceanographic variables might influence
the presence of calling whales over synoptic scales. To
our knowledge, this 6 yr investigation represents the
broadest sampling scale, in space and time, for any
investigation of whale behavioral ecology.

MATERIALS AND METHODS

Whale call detections. From January 1996 to Decem-
ber 2002, blue whale Balaenoptera musculus and fin
whale B. physalus calls in the North Pacific were mon-
itored at the Naval Ocean Processing Facility on Whid-
bey Island, Washington, using the United States Navy
Sound Surveillance System (SOSUS) systems and
other arrays. These deep-water arrays were systemati-
cally sampled by analysts trained by acousticians at
the Woods Hole Oceanographic Institution; the ana-
lysts were experienced in the operation of the navy’s
sound processing systems and in the identification of
whale calls (Watkins et al. 2000). Arrays were selected
to provide representative data for 4 defined offshore
monitoring regions in the North Pacific, designated as

northwest (NW), north-central (NC), northeast (NE)
and southeast (SE). Each monitoring region represents
an area encompassing 30° of longitude by 15° of lati-
tude (Fig. 1). Standard United States Navy monitoring
equipment and processing systems were used without
modification for sound analyses. Locations, character-
istics and data processing of the navy hydrophone sys-
tem remain classified.

Whale calls were monitored regularly following a
consistent schedule of 16 h on each of 2, usually con-
secutive, days every week, centered on 12:00 h GMT.
This method provided monitoring during both daylight
and darkness across the Pacific. Effort was equivalent
for each season in each year for each region. Calls
were examined and identified spectrographically to
species as they were detected at the Whidbey Island
Naval Facility. Since calling bouts can last for days at a
time (Tyack & Clark 2000), the ability to partition the
whale calls into bouts was not feasible due to our time-
limited access to the arrays. Rather, we analyzed the
data in terms of whale call ‘detections’ collected over
the 16 consecutive hours twice a week. A call detection
was defined as a call from at least 1 whale from the
same area and direction for as long as the call(s) con-
tinued without an interruption of >30 min. If calls
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began again after 30 min, then these were considered
to be a new detection. Background calling from other
whales of the same species was not recorded so as to
confine identification of calls to the most easily
defined, closer calling whales. Thus, the number of
detected whale calls did not provide a count of individ-
uals nor of the total number of calls produced in each
region. Although the 4 regions are very large, the
hydrophone systems are capable of detecting animals
throughout each area (Moore et al. 2002). These loca-
tions as well as tracks from ‘Watkins’ whale’ (Watkins
et al. 2004) suggest that whales can be heard at dis-
tances of several hundred kilometers.

Only the long, repeated calls of blue whales were
noted, shorter, ‘D-type’ calls (i.e. Thompson et al. 1996)
were not. For fin whales, both distinct pulse series and
overlapping sequences were noted, but not differenti-
ated. Both northwestern (NWP) and northeastern
(NEP) blue whale call types were recorded (Stafford et
al. 2001). The NWP call type was the most common in
the NW and NC regions, while the NEP call type was
more common in the NE and SE regions. Here, only
NWP detections are presented for the NW and NC
regions, while NEP detections are given for the NE and
SE regions. Additional details of call analyses are
given by Watkins et al. (2000).

For the present study, detections for each region
were summed by month and call type. Analysis of vari-
ance was used to compare between-year data for each
call type for each region. An additive model using a
12 mo seasonal cycle was used to remove the seasonal
component of whale call time series to examine long-
term trends in the number of call detections. Student’s
t-tests were used to test the hypothesis that the slope of
seasonally adjusted data was equal to 0. For the NW,
NC, and NE, regional data from January 1996 to
December 2002 were used, while, for SE, only data
from July 2006 to December 2002 were available.

Oceanographic data. Area-averaged time series of
Advanced Very High Resolution Radiometer (AVHRR)
data for SST, MLD, and SeaWIFS Level 3 chl a concen-
tration data were obtained from the Physical Oceanog-
raphy Distributed Active Archive Center and the God-
dard Earth Sciences Data and Information Services
Center. Data were obtained for each of the regions
described above. Chl a concentration data were only
available from September 1997 onwards, and MLD
data, from January 1997 onwards, while SST data
were available for the duration of the acoustic data
monitoring.

In order to correlate the spatial and temporal scales
of all data sets, the satellite-derived oceanographic
data were averaged by month for the very broad
regions used for the whale call analysis. Monthly times
series for 3 oceanographic variables (chl a, SST, MLD)

were compared from September 1997 to December
2002, as these were dates when data from all variables
were available.

Modeling call detections with oceanographic data.
For each species and region, we examined 16 models
relating SST, surface chl a, and MLD to the number of
whale calls using generalized linear models in SAS 9.2
(Proc GLIMMIX; SAS Institute Inc. 2009). Because
oceanographic variables were measured at large
scales and averaged over months, we decided to be
conservative and examine oceanographic variables
one at a time. To remove the effects of trends and help
ensure the time series was stationary, we included a
linear trend by month in all 16 models. Because we
expected the abundance of whale prey and, therefore,
whale calls to lag behind SST and surface chl a values,
we lagged both SST and surface chl a from 0 to 6 mo,
accounting for 14 models. One additional model
included MLD, and 1 model only included trend.
Because models were non-nested, we used Akaike’s
information criterion, adjusted for sample size (AICc;
Burnham & Anderson 2002), for model selection; mod-
els differing >4 AICc units from the best approximating
model were considered to have little statistical support.

Time series analysis of call frequencies presented 2
main issues. First, because the dependent variable is
essentially a count, error distributions may have devi-
ated from a normal distribution. Second, the number of
whale calls detected in month i may have been depen-
dent upon the number of whale calls detected in month
i – 1. To fit models of whale call detections, we used the
following steps. (1) We first fitted all 16 models to the
datasets using maximum likelihood (ML) and AICc,
assuming no serial correlation or normal errors.
(2) Using the best approximating model, we then visu-
ally examined how residuals were distributed and
selected an appropriate error distribution. (3) To exam-
ine patterns of serial correlation, we visually inspected
the residuals from the best approximating model with
autocorrelation function (ACF) and partial autocorrela-
tion function (PACF) plots. We also used restricted
maximum likelihood (REML) and AICc to select an
appropriate covariance structure (Littell et al. 2006).
(4) Inferences were then based upon the best approxi-
mating means model and REML parameter estimates.
Similar approaches to fitting serial correlated data
have been presented in Diggle (1988) and Littell et al.
(2006).

We limited the analysis of data to months when all
covariates were available. Although whale calls have
been consistently recorded since January 1996, sur-
face chl a data were not available until September
1997. Including lagged covariates in our analysis fur-
ther limited available data by 6 mo. Hence, we mod-
eled whale calls between March 1998 and December
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2002, a total of 58 mo. Across all species and sites,
there were 5 mo without corresponding counts of
whale calls; these were filled in with a moving average
before analysis.

RESULTS

Whale call detections

Blue whales

Both North Pacific blue whale Balaenoptera muscu-
lus call types were regularly detected on the hydro-
phone systems monitored throughout the present
study (Figs. 2 to 5). The NWP call was the dominant
call type in 3 out of 4 deep-water regions in the North
Pacific Ocean, the NE region being the exception. The
NEP call type was pronounced in only 2 regions (NE

and SE). Seasonality in blue whale calling for both call
types was the same, with the majority of call detections
occurring in the fall and the fewest in the spring (Fig. 6,
Table 1).

NEP call type. NEP blue whale calls were recorded
in all 4 regions, but were primarily found in the 2 east-
ern regions (Fig. 3). There were only 21 and 132 total
NEP detections in the NW and NC, respectively, over
the entire 6 yr dataset. Seasonally, NEP type call detec-
tions were at their lowest level in spring and early sum-
mer. As the summer months progressed into fall, call-
ing activity increased, peaking in early fall and
steadily declining from late fall into the winter months
(Fig. 4). Most detections of the NEP call type were
made in the NE region during summer and fall and in
the SE region during winter and spring. In the NE
region, whale call detections had a slope significantly
different than zero (slope = 0.36, p = 0) when the num-
ber of detections were regressed over time.
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NWP call type. The greatest number of NWP type
calls was detected in the NW region across all years
(1996 to 2002) and all seasons, followed by the NC, SE,
and NE regions (Fig. 5).

Seasonality in NWP type calls was evident, across
all years and all regions. The majority of calls
occurred each fall; the number declined in the sum-
mer, winter, and spring, in that order. A comparison of
all regions by season shows a geographic shift in
NWP-type blue whale calling activity. Beginning with
the summer months, most calling occurred in the NW.
As summer progressed into fall, the calling activity
remained high in the NW region, but with the sea-
sonal change from fall to winter, the calling activity
shifted eastward to the NC region. As the winter sea-
son progressed into spring, the calling activity shifted
southeastwards from the NC region towards the SE

region; however, the amount of calling in the NW was
slightly higher than that in the SE (Fig. 6). There were
statistically significant increases in the number of
NWP blue whale call detections by date for both the
NC (slope = 0.69, p = 0) and NW (slope = 0.66, p = 0),
but not for the SE region.

Fin whales

Fin whales Balaenoptera physalus were recorded in
the North Pacific in all months of the year; however, a
strong seasonal pattern dominated each annual cycle
(Figs. 2 to 5). Peak call detections occurred from
December to March, with fewest detections occurring
from May through August. Year-round calling was
consistently pronounced in the NC region.
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The NW region consistently had the fewest fin whale
detections, while NC, NE, and SE all showed similar
numbers, but with inter-annual differences among
regions. In all 4 regions, the number of fin whale detec-
tions increased significantly over time (Fig. 6, Table 1).

Oceanographic data

Whale call detections and all oceanographic variables
showed strong seasonal and geographic variation. For
most regions, however, there was little interannual vari-
ation. Overall mean values and ranges for all variables
and regions are given in Table 2, as a snapshot of vari-
ability among the 4 regions. Patterns for whale calls and
their relationship to day length and oceanographic vari-
ables are described in subsequent sections.

NW region

The NW region was characterized by significant dif-
ferences in oceanographic variables compared to the
other 3 regions: lowest mean SST (p = 0) and highest
mean chl a values (p = 0). SST was at its maximum in
August and September (~13°C) and at minimum val-
ues in February, March, and April (~2.8°C; Fig. 2a),
with no significant interannual variation (p = 0.99).
There were 2 annual peaks in chl a concentration; the
first and largest occurred in May (1.38 mg m–3), fol-
lowed by a second, much lower peak in September and
October (0.67 mg m–3). The only exception to this was
1998, when there was no large peak in May and levels
remained consistently low from April to November
(Fig. 2b). Despite this 1 yr anomaly, there was no over-
all difference in annual mean chl a values for the NW
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(p = 1.0). MLD was consistently most shallow (<20 m)
from June through September and deepened to as
much as 110 m between January and April (Fig. 2c),
but there was no interannual difference in overall
mean depth (p = 0.99).

NC region

The NC region was somewhat warmer and less pro-
ductive than the NW region. SST was at its maximum
from July to September (peak in August of 14.3°C) and
at minimum values in March and April (5.1°C; Fig. 3a),
with no significant interannual variation (p = 0.99).
Chl a peaked in May and/or June (~0.7 mg m–3), with a
second, smaller peak that lasted up to 3 mo (~0.5 mg

m–3). This value was significantly lower than that for
the NW region (p = 0.001). As in the NW region, in
1998, chl a levels remained relatively consistent from
April to December, at about ±0.5 mg m–3, but inter-
annual means did not differ (p = 0.9; Fig. 3b). In the NC
region, MLD was shallowest from May to August
(<40 m) and >80 m on average from December
through April (Fig. 3c).

NE region

Oceanographic parameters in the NE region were
very similar to those in the NC region in all but SST,
which was significantly higher. SST was at its maxi-
mum from July to September (peak in August of
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chlorophyll a concentration (chl a; mg m–3), and (c) mixed-layer depth (MLD; m)
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Fig. 6. Balaenoptera musculus, B. physalus. Trend lines by species and region for seasonally adjusted whale call detections.
(h) Non-adjusted data points. (a) NW fin whales, (b) NC fin whales, (c) NE fin whales, (d) SE fin whales, (e) NE NEP blue whales,
(f) SE NEP blue whales, (g) NW NWP blue whales, (h) NC NWP blue whales, (i) NE NWP blue whales, and (j) SE NWP

blue whales. NEP and NWP: northeastern and northwestern blue whale call types, respectively
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15.4°C) and at minimum values from February to April
(7.7 °C; Fig. 4a), with no significant interannual varia-
tion (p = 0.88). The chl a maximum for the NE region
lagged behind those for the NW and NC by a month,
peaking in May. Chl a concentrations remained rela-
tively consistent throughout the summer, until a de-
cline occurred in October or November (Fig. 4b), with
no interannual variation identified (p = 0.55) despite
anomalously high values in April and May of 2002
(0.88 mg m–3 compared to ~0.68 mg m–3). In the NE
region, MLD was shallowest from June to September
(<30 m) and >80 m on average from December
through April (Fig. 4c).

SE region

The SE region was the only mid-latitude region and,
unlike the subarctic NW, NC, and NE regions, encom-
passed a much warmer, less productive system. The
region had the highest mean SST and the least differ-
ence between annual mean maximum (21.1°C) and
minimum (15.8°C) values (Fig. 5a). Values for chl a in
the SE were significantly lower than in the subarctic
regions (p = 0). The only significant interannual differ-
ence was between 1998 and 2001; the values were sig-
nificantly lower in 1998 (p < 0.05). In general, chl a val-
ues were greatest in February, March, and April
(~0.20 mg m–3) and lowest from August to October
(~0.13 mg m–3; Fig. 5b). In the SE region, MLD was

shallowest from July to October (<40 m) and >60 m on
average from January to March (Fig. 5c).

Modeling call detections with oceanographic data

After fitting each model set, visual analysis of resid-
ual plots did not indicate any gross violations of normal-
ity or heteroscedasticity and we assumed that error
distributions were normally distributed. However, re-
sidual error was serially correlated in most cases. ACF
and PACF functions indicated that these correlations
were only significant at a lag of 1 mo, supporting the se-
lection of a first-order autoregressive (i.e. AR[1]) covari-
ance model. When using AICc and REML to compare
covariance models with independent errors versus
those with AR(1) structure, ΔAICc values in favor of an
AR(1) covariance model ranged from 0.9 to 10.0
(Table 3). The exception was for blue whales in the NW
region, where AR(1) covariance models were not sup-
ported (ΔAICc = 2.2 in favor of serially independent
errors). Hence, we fit AR(1) covariance models to all
datasets except that for blue whales in the NW region.

Blue whales

In all instances, blue whale call detections were
more closely related to SST than to chl a or MLD. How-
ever, the length of time between SST maxima and
peaks in blue whale call detections varied by region. In
the NW region, blue whale call detections were high-
est from August to November, with peaks in August
and October (Fig. 2). The best approximating model
included SST lagged by 1 mo (p < 0.01; Table 3). This
model explained 90% of the variation in the data. This
was also the only model set for which fitting an AR(1)
covariance model was not necessary. The next closest
model differed by >63 AICc units.

In the NC region, blue whale call detections oc-
curred most often from August to December, with
peaks in November and December (Fig. 3). The best
approximating model included SST lagged by 2 mo
(p < 0.01; Table 3). This model explained 69% of the
variation in blue whale call detections, and the next
best model differed by 12 AICc units.

In the NE region, blue whale call detections oc-
curred most often from August to December, with
peaks in October and November (Fig. 4). The best
approximating model included SST lagged by 2 mo
(p < 0.01; Table 3). This model explained 70% of the
variation in blue whale call detections, and the next
best model differed by 20 AICc units.

Many fewer blue whale calls were detected in the SE
than in other regions; most were commonly detected
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Region NEP blue NWP blue Fin

NW – 0.66 (0) 0.86 (0)
NC – 0.69 (0) 2.1 (0)
NE 0.36 (0) 0.08 (0.06) 1.9 (0)
SE 0.1 (0.11) 0.14 (0.04) 1.3 (.02)

Table 1. Balaenoptera musculus, B. physalus. Slopes (p-value)
of seasonally adjusted regression lines for whale data over
time. Statistically significant (p ≤ 0.05) changes shown in bold.
NEP and NWP: northeastern and northwestern blue whale 

call types, respectively; region abbreviations see Fig. 1

Region SST (°C) Chl a (mg m–3) MLD (m)

NW 6.9 (2.3–15) 0.60 (0.27–2.0) 49.4 (8.8–110.6)
NC 8.5 (4.7–15.3) 0.46 (0.27–1.1) 57.8 (15.8–112.0)
NE 10.9 (6.9–16.4) 0.51 (0.31–0.89) 57.2 (18.0–114.2)
SE 18.2 (15.1–21.9) 0.17 (0.09–0.23) 47.3 (25.8–91.3)

Table 2. Mean annual values (minima and maxima) for
monthly satellite-derived oceanographic variables from 1996
to 2002 for the North Pacific. SST: sea-surface temperature;
chl a: chlorophyll a; MLD: mixed-layer depth; region

abbreviations see Fig. 1
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from August to December (Fig. 5). The best approxi-
mating model included SST lagged by 1 mo (p < 0.01;
Table 3). This model only explained 46% of the varia-
tion in blue whale call detections. The next best model
differed by 4.1 AICc units.

Fin whales

In all instances, fin whale call detections were more
closely related to SST than to chl a or MLD. As with
blue whales, the length of time between SST maxima
and peaks in fin whale call detections varied by region.
In contrast to blue whales, the length of the lag was
generally longer. In the NW region, fin whale call de-
tections peaked from December to February (Fig. 2),
and the best approximating model included SST
lagged by 4 mo (p < 0.01; Table 3). This model ex-
plained 56% of the variation in whale call detections,
and the next closest model differed by >7 AICc units.

In the NC region, fin whale detections peaked from
October to December, 2 mo earlier than in the NW re-
gion (Fig. 3), and the best approximating model included
SST lagged by 3 mo (p < 0.01; Table 3). This model ex-
plained 56% of the variation in fin whale call detections,
and the next closest model differed by >30 AICc units.

The NE region was characterized by much broader
and more variable peaks in fin whale call detections
(September to March overall; Fig. 4). The best approx-
imating model included SST lagged by 3 mo (p < 0.01;
Table 3). This model explained 66% of the variation in
fin whale call detections, and the next closest model
differed by >14 AICc units.

In the SE, fin whale call detections were most com-
mon from December to March (Fig. 5). The best
approximating model included SST lagged by 4 mo
(p < 0.01; Table 3). This model explained 65% of the
variation in fin whale call detections, and the next clos-
est model differed by >13 AICc units.

DISCUSSION

Acoustic monitoring of calling blue whales Balaen-
optera musculus and fin whales B. physalus in the
deep waters of the North Pacific Ocean from 1996 to
2002 has provided unique, long-term information
about their seasonality and geographic distribution
that is not available via traditional shipboard and aer-
ial survey methods. Access to broad open-ocean areas
is cost prohibitive to most researchers, and the ability
to monitor offshore waters for multiple years is even
rarer. Though other large-scale acoustic studies have
been carried out in the North Pacific, they have been
restricted to single or only a few fixed hydrophone
arrays in open-ocean areas over much shorter time
periods. The uniqueness of the present study is its
broad, consistent geographic coverage over multiple
years, which allows emerging seasonal patterns in
blue and fin whale vocalizations to be seen, particu-
larly from the central and western North Pacific.

This is a retrospective study that presents acoustic
data gathered with limited time and resources, due to
the dual use nature of the data stream. Naval analysts
focused on the long, patterned call series of both blue
and fin whales that were more easily distinguished
from the less repetitive signals made by these species.
More recent advances in marine mammal monitoring
technologies, including the use of higher sample rates,
acoustic-visual observations and on-whale tags that
record acoustic data, have suggested a behavioral
context for some blue whale calls (Croll et al. 2002,
Berchok et al. 2006, Oleson et al. 2007a). Unfortu-
nately, no other associated behavioral information was
available during the present study. However, if we
assume that similar acoustic behavior of blue and fin
whales in different seasons and parts of their range
correlates with similar visually observed behaviors,
then the long, patterned call series we reported may
have been from lone, traveling blue whales (Oleson et
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Taxon Region Best approximating model ΔAICc ind. errors ρ R2

Blue NW y(i) = –97.15*** + (month × 0.76)** + [SST(i – 1) × 32.62]*** – — 0.90
NC y(i) = –41.44* + (month × 0.77) + [SST(i – 2) × 9.96]*** 10 0.54 0.69
NE y(i) = –79.93*** + (month × 0.54)** + [SST(i – 2) × 8.22]*** 5.6 0.37 0.70
SE y(i) = –194.62*** + (month × –0.20) + [SST(i – 1) × 13.52]*** 0.9 0.28 0.46

Fin NW y(i) = –34.78* + (month × 1.08)** + [SST(i – 4) × 9.25]*** 7.8 0.42 0.56
NC y(i) = –144.00*** + (month × 2.74)*** + [SST(i – 3) × 26.33]*** 5.2 0.37 0.56
NE y(i) = –166.07*** + (month × 1.74)** + [SST(i – 3) × 24.37]*** 1.9 0.28 0.66
SE y(i) = –771.63*** + (month × 0.31) + [SST(i – 4) × 50.11]*** 7.7 0.44 0.65

Table 3. Balaenoptera musculus, B. physalus. Best approximating models of whale call detections (y) by region in month i. Within
the analysis, months were sequentially numbered from 1 to 54. Except for blue whales in the NW region, AR(1) covariance mod-
els were fit to all models. The difference in AICc units in favor of an AR(1) covariance model over serially independent errors is
denoted as ΔAICc ind. errors, ρ is the estimated AR(1) coefficient, and R2 is the correlation coefficient. Significance is shown as

*p < 0.1, **p < 0.05, ***p < 0.01; region abbreviations see Fig. 1
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al. 2007a) and stationary fin whales (Watkins et al.
1987, Croll et al. 2002). Further, due to the lack of con-
current visual observations, we are not able to corre-
late increasing and decreasing calling rates with actual
numbers of whales, nor can we draw any conclusions
about the number of whales that move into and out of
the 4 monitored regions.

However, the increasing trends in the number of call
detections for blue and fin whales in the North Pacific
is intriguing. The trend of increased detections of fin
whale calls, as noted in our study, is supported by
a reported consistent increase in fin whales in the
California–Oregon–Washington (NE and SE regions
reported here) fin whale stock (Barlow & Forney 2007).
Unfortunately, there are no similar data for the western
Pacific. This combination of visual and acoustic evi-
dence is suggestive of a recovering population, which
is not unexpected given that fin whales have not been
hunted in the North Pacific since 1976.

NE Pacific blue whales are known to range from the
equator north to the Gulf of Alaska and to call in all
these regions. This population has shown an increase
off California (Calambokidis & Barlow 2004), and it has
recently been proposed that blue whales have begun
to re-populate regions that were important pre-
whaling era habitats (Calambokidis et al. 2009). These
authors further suggest that changes in oceanographic
conditions may be at least partly responsible for this
re-expansion. There are no current population assess-
ments for the central or western North Pacific, so, for
these areas, the acoustic data presented here are the
only indication of contemporary presence of blue and
fin whales.

From 1997 to 2002, blue and fin whale calling behav-
ior and remotely sensed oceanographic data in the
North Pacific showed strong geographic and seasonal
patterns with relatively little interannual variability.
The physical patterns were driven by changes in solar
input to the system that affects wind and current pat-
terns, primary and, further along, secondary produc-
tivity. It is not at all surprising that the behavior of fin
and blue whales should also show strong seasonality
that appears tied to environmental patterns. The pur-
pose of the present study was to try to determine
whether there was a quantifiable relationship between
the detection of fin and blue whale calls and synoptic-
scale oceanographic parameters.

Numerous smaller scale studies of whale presence
and habitat variables have determined that these ani-
mals are often closely associated with eddies, fronts, or
SST gradients (e.g. Nasu 1966, Woodley & Gaskin
1996, Etnoyer et al. 2006, Doniol-Valcroze et al. 2007).
Cetaceans were more abundant in regions of high sur-
face chl a off California and were associated with high
primary productivity off Vancouver Island, Canada

(Smith et al. 1986, Gregr & Trites 2001). We had neither
the temporal nor the spatial scale to resolve such gra-
dients for either factor but included these variables in
our models because they are known to be related to
whale distribution from finer scale studies. Finally, we
included MLD because it has been shown to influence
both primary and secondary productivity on basin
scales (Polovina et al. 1995).

Call detections for both of these species were most
related to SST. The lack of a strong statistical relation-
ship with chl a and the strong relationship with SST for
whales may have been due to SST influencing chl a
and/or the fact that we were only using surface chl a,
which is usually lower than sub-surface levels (Steele
& Yentsch 1960). The most obvious difference between
the species was the lag time between call detections
and SST. For fin whales, the lag was 3 to 4 mo, while
for blue whales it was only 1 to 2 mo. This difference in
lag time could represent the greater delay between
primary productivity and the higher trophic levels on
which fin whales feed, as they are considered ‘general-
ists’ that exploit a more complex food web and can
switch prey as needed (Nemoto 1970, Kawamura 1982)
versus the tighter coupling between primary produc-
tion and euphausiids, which make up the bulk of blue
whale diet (Nemoto 1955, Kawamura 1980). For fin
whales, SST explained from 56 to 66% of the variabil-
ity in whale call detections, with greater explanatory
power in the NE and SE regions (66 and 65%, respec-
tively) than in the NW or NC regions (both 56%;
Table 3).

In all 4 regions, SST was the best predictor of the
number of detected whale calls. The statistical models
including only SST accounted for nearly 90% of blue
whale calling variability in the NW region, but only
70% in the NC and NE regions, and dropped to 46% in
the SE regions.

The NW region is in the western sub-arctic gyre
(WSG; Taniguchi 1999), which is more productive
overall than the central Aleutians (NC region) or the
Gulf of Alaska (NE region; reviewed in Mochizuki et
al. 2002, but see Batten et al. 2006). The NW region
had the highest levels of surface chl a of all 4 regions.
While satellite-derived chl a likely underestimates in
situ concentrations, in the NW Pacific these were found
to be within ±35% of each other and linearly related
(Sasaoka et al. 2002). Euphausiids occur in areas of
high primary productivity, but their peak density lags
peak productivity by several months (Croll et al. 2005),
and, at least in Monterey Bay, there was a significant
relationship between euphausiid backscatter and the
density of large whale species, including blue whales
(Benson et al. 2002). The overall high primary produc-
tivity in the NW region is, therefore, likely the reason
there are so many more blue whale call detections (and
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by proxy relative whale abundance) in this region than
in others, but it does not explain why fin whales are
detected less often. It has been proposed that there are
2 migratory populations of fin whales in the North
Pacific, delineated on a roughly east–west basis, and
the whales from the western population were common
off Kamchatka (NW region; Mizroch et al. 2009). If
these whales were exploited in greater numbers than
those of the eastern population, they may be recover-
ing more slowly than whales in the NC or NE regions.

The NC region oceanographic signal is intermediate
between the signals of the NW and NE regions (Harri-
son et al. 1999), and the number of blue whale call
detections there was less than half that in the NW. This
may be due to the comparatively lower primary pro-
ductivity values, but could also reflect an eastward
movement of this population of blue whales (Watkins
et al. 2000, Stafford et al. 2001). Data from coastal
whaling stations showed a sharp decrease in blue
whale catches from Akutan towards Kodiak (Bruegge-
man et al. 1985), and a recent study found that animals
caught in the NC and NW regions were morphologi-
cally distinct from those caught in the NE region
(Gilpatrick & Perryman 2008).

Blue whale calls examined in the NE and SE regions
are from a different ‘acoustic population’ than those in
the NW and NC Pacific, although there is some overlap
in their ranges (Stafford 2003). This population is found
from the Gulf of Alaska to the equator (Stafford et al.
1999) and has been the subject of several elegant stud-
ies linking blue whale presence to oceanographic con-
ditions off central and southern California (e.g. Fiedler
et al. 1999, Benson et al. 2002, Croll et al. 2005). Zoo-
plankton biomass in the subarctic NE Pacific is
inversely related to that in the California Current, due
to binary differences in the state of atmospheric and
oceanic circulation that vary on scales of years to sev-
eral decades (Brodeur et al. 1996). The first of these
favors primary and secondary production in the Cali-
fornia Current domain and is characterized by a weak
Aleutian low and colder SST in the central North
Pacific. The second state is evidenced by weak
upwelling and warmer SST off California and strong
circulation of the eastern sub-Arctic gyre (Brodeur et
al. 1996). Under the former state, we might expect
fewer blue whales in the NE region and possibly more
when conditions are poor in the California Current
system. In a study using long-term spectral data
from omnidirectional hydrophones, Burtenshaw et al.
(2004) found more blue whale call energy off Southern
California than in the NE region and qualitatively
related increased calling energy to chl a levels.

The SOSUS is a strong tool for sampling blue and fin
whale calls at broad spatial and temporal scales.
Insights can be achieved from this scale of sampling

that might go undetected at finer scales. For example,
it is clear from the acoustic record that fin whales
remain in the subarctic North Pacific through the win-
ter and presumably feed during this period, so,
although primary productivity has decreased, zoo-
plankton and/or forage fish densities may remain high.
There are relatively few fall and winter time surveys
for pelagic fishes, but numbers of fish species caught
by Japanese gillnets during research cruises in the
western and central Pacific increased from June to
September as SST decreased. No data were available
after September (Brodeur et al. 1999).

Both blue and fin whales showed similar seasonal
calling patterns, with more call detections noted in fall
and winter months than in spring or summer, although
fin whale call detections peaked from 2 to 3 mo later
than those of blue whales in all regions. There was also
a distinct geographic difference in where the calls from
each species were detected. Blue whale calls predomi-
nated in the NW Pacific, while fin whale calls predom-
inated everywhere else. The independence of whale
call detections over time from the oceanographic vari-
ables measured here fails to provide an environmental
explanation for the observed increase in the number of
whale call detections and potentially strengthens the
hypothesis that this observed increase is due to
increasing numbers of whales in the North Pacific.

There are fundamental caveats that underlie the
interpretation of the results in the present study: the
influence of animal calling behavior, the effect of sea-
sonal changes in hydrography to call transmission
characteristics, and the broad spatial scales over which
we were constrained to average the oceanographic
data. The first caveat has to do with how variability in
the vocal behavior of the 2 species might confound our
ability to interpret the acoustic data in the context of
the oceanographic data. There is increasing evidence
that fin whales produce the long, patterned series of
pulses, sometimes called their song, primarily in the
late fall and winter (Watkins et al. 2000, Nieukirk et al.
2004, Stafford et al. 2007) and less often at other times
of year, although in the present study, notably in the
NC region, fin whales were detected year-round. Nev-
ertheless, for fin whales, it seems that we cannot
equate a lack of call detections with few or no whales
(e.g. Stafford et al. 2007). Fin whales have been seen
during many recent visual surveys in all 4 regions dis-
cussed here and are broadly distributed throughout
the North Pacific (Barlow 1995, Miyashita et al. 1995,
Zerbini et al. 2006). Under the assumption that the
long, patterned pulse series are a male reproductive
display (Watkins et al. 1987, Croll et al. 2002), the
choice of a late fall to winter calling period could be
due to several non-exclusive possibilities. The first is
that breeding at this time of year allows young to be
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born in winter (assuming an 11 to 12 mo gestation
period; Lockyer 1984) and weaned 7 mo later (Brodie
1969), in late summer and early fall when food is most
abundant. Alternatively, well-fed animals might call
more frequently after a summer and fall of intensive
feeding (Payne & Webb 1971), or the visibility of food
may be reduced, initiating a shift in behavior so that
more time is spent displaying.

In contrast, blue whales seem to have a different
behavioral modality with regards to the production of
long, patterned sounds, which have been recorded
year-round, although in different regions of the North
Pacific at various times of the year (Stafford et al. 1999,
2001, Burtenshaw et al. 2004). This suggests that there
may not be as strong a seasonal component to the pro-
duction of long series of calls in blue whales (but see
Oleson et al. 2007b for a study of seasonal sound pro-
duction of other call types); thus, the detection of calls
may indicate whale presence, while the lack of calls
may be indicative of whale absence. This could indi-
cate greater reproductive plasticity in blue whales,
where animals mate when they have the opportunity,
or could represent extra-seasonal singing similar to
that of humpback whales (Cato et al. 2001, Clark &
Clapham 2004, Stafford et al. 2007).

A second caveat is the potential for seasonal changes
in sound propagation due to a changing thermocline
(see Stafford et al. 2007). This can be seen in the large
changes in MLD, particularly in the 3 subarctic
regions. However, results show that more blue whale
call detections were recorded during the months when
MLD was shallowest and should therefore limit low-
frequency propagation, suggesting that this was not a
significant problem in determining overall calling pat-
terns for these species.

The third caveat, and the most important, is the
potential for oceanographic variability to be poorly
captured in the 4 regions for which whale call detec-
tions were enumerated. And here we return to the
question of scale. Levin (1992) notes that ‘the observed
variability of the system will be conditional on the scale
(at which this system is measured)’. By employing
larger spatial and longer temporal scales, a trade-off
occurs between detailed but unpredictable patterns
and coarse but more regular patterns that allow for
population-scale generalizations (Levin 1992).

Variation in productivity and oceanographic proper-
ties in the North Pacific is driven by broad-scale phys-
ical forcing detections that are inter-dependent and
occur over various time scales: ENSO detections every
3 to 7 yr, the Pacific Decadal Oscillation, which as the
name implies has a period of roughly a decade, and
ecosystem regime shifts that may occur roughly every
20 to 30 yr. The duration of the present study was only
6 yr, which is not long enough to resolve anything

except ENSO cycles. Even that proved problematic, as
the strong 1997/1998 El Niño that occurred at the
beginning of our study did not significantly affect pro-
ductivity in the subarctic Pacific. Despite recent
advances, very little is still known about interannual or
longer term variation in pelagic marine mammals
(Springer et al. 1999). As suggested in Moore (2009),
decadal-scale sampling is required to investigate the
effects of climate variability on marine mammal popu-
lation dynamics and phenology. A recent paper by
Calambokidis et al. (2009) points to the possible influ-
ence of changes in the environment on changing distri-
bution patterns of blue whales in the North Pacific.
There were no large interannual deviations of oceano-
graphic conditions within our dataset; rather, it was the
seasonal variability that influenced changes in whale
call detections.

Spatial patterns of zooplankton from the NE Pacific
fall into gyre- or meso-scale structures (Rand & Hinch
1998), and, over broad scales, long-term fish produc-
tion in the subarctic NE Pacific is significantly corre-
lated with surface chl a concentration, which links to
annual zooplankton concentrations (Ware & Thomson
2005). It is on a broad scale that we examined blue and
fin whale and satellite-derived oceanographic data. At
this scale, both blue and fin whale seasonal calling
behavior was best described by SST, although with dif-
ferent lags. Ecological scale is defined as the interface
between population biology and ecosystem science
(Moore 2005). Future sampling at ecological scales
more appropriate to each species and the environ-
ment, will allow us to further refine our understanding
of the role of blue and fin whales in the regional
ecosystems of the North Pacific.
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