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LONG-TERM GOALS 
 
We are investigating the potential correlation between whale tracks, enhanced zooplankton 
concentrations and hydrothermal vents above the Juan de Fuca Ridge. Our goal is to understand the 
influences of globally distributed hydrothermal plumes on the trophic ecology of the deep ocean. 
 
OBJECTIVES 
 
We are conducting a retrospective study using existing seismic and bio-acoustical data sets from the 
Juan de Fuca Ridge with the following four objectives: 
 
1. Implementing an automatic algorithm to track fin and blue whales using data from a small-scale 

seafloor seismic network. 

2. Tracking vocalizing fin and blue whales above the Endeavour segment over a 3-year interval from 
2003-6 in order to determine if they are preferentially found above the hydrothermal vent fields 
where the bio-acoustical data show that the zooplankton concentrations are higher at all depths. 

3. Analyzing a total of 60 net tow samples from the Endeavour Segment from 1995 and 1996 and 
combining these with 119 previously analyzed net-tow samples from 1991-4 to refine our 
understanding of the variations of zooplankton concentrations at different depths with distance 
from the vent fields. 
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4. Using the simultaneous acoustic backscatter and net tow data to calibrate the acoustic observations 
so that we can make use of extensive acoustic Doppler current profiler (ADCP) data sets that 
already exist for the region (as well as ADCP data that may be collected in the future) to estimate 
zooplankton concentrations. 

 
APPROACH 
 
The W. M. Keck Foundation supported an experiment on the Endeavour Segment of the Juan de Fuca 
Ridge (129°W, 48°N) that included a network of 8 sub-bottom three-component seismometers (Fig. 1) 
that operated from 2003-6.  The earthquake analysis showed that the seismic records include a very 
extensive data set of high-quality fin and, to a lesser extent, blue whale vocalizations (Fig. 2).  Work 
on the Juan de Fuca Ridge (McDonald et al., 1995) and elsewhere {Dunn, 2009 #25;Rebull, 2006 #38} 
has shown that seafloor seismic networks can be used to track fin and blue whales but the data sets 
have been limited to a few tracks.  Our approach is to develop an automatic tracking algorithm.  Events 
are identified by triggering on each station using the ratio of short-term to long-term RMS amplitudes 
and finding the times of near-contemporaneous triggers on multiple stations.  Fin whales are 
distinguished from earthquakes based on their spectra.  The times of direct and multiple bounce 
arrivals are picked based on finding peaks in the instantaneous amplitude of the seismic records.  A 
grid search approach is combined with the ocean acoustical ray-tracing software RAY (Bowlin et al., 
1992) to find the location that matches the observed arrival times best. 
 
 
 

 

 

 
 

Fig. 1. (left) Map of the central Endeavour segment showing vent fields  
(yellow stars) and seismometers deployed from 2003-6 (blue symbols).  (right) Regional  

map showing the location of the vent fields (green stars), ship tracks for net tows in 1991-6  
(red line with circle at start), the location of the spreading ridge axis (solid line) and the 

 area covered by the map on the left (dashed line). 
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In the early to mid-1990s, the Institute of Ocean Sciences in Sidney, BC conducted annual summer 
cruises to the Endeavour to collect a series of plankton net tows in conjunction with measurements 
including acoustic backscatter intensity (Fig. 1).  The analysis of net samples from 1991-1994 show 
enhanced zooplankton concentrations at all depths above the hydrothermal vent fields (Burd and 
Thomson, 1994; 1995). At depth, the zooplankton are concentrated in a layer of increased acoustic 
backscatter near the top of the hydrothermal plume (Thomson et al., 1991; Burd et al., 1992), leading 
to the inference that the zooplankton are grazing on the plumes.  Community analysis shows that the 
deep faunal assemblages above the vents are infiltrated by shallow species which presumably migrate 
vertically between the upper ocean and the hydrothermal plume (Burd and Thomson, 1994; 1995).   
Our approach is to analyze additional net samples collected in the area from 1995-6.  For each net 
sample we know the depth, location and time, and we identify major zooplankton and fish species and 
determine length, gender, stage of development, and dry/wet biomass.  The expanded zooplankton data 
set can be used to refine our understanding of variations in zooplankton concentrations with distance 
from the hydrothermal vent fields and will allow us to compare variations in near surface zooplankton 
concentrations with spatial variations in the incidence of vocalizing whales. 
 
 

  
 
 

Fig. 2. (left) Example of a fin whale call recorded for a whale located within the network.  Records 
are shows for three channels for each of eight stations.  Blue lines give picked times and red lines 

give predicted times for the preferred location with the number indicated the number of multiples (0 
for the direct path).  Note the presence of bad picks on stations KESW and KEMF. (right) 

 Example of a fin whale call for a whale located outside the network. 
 
The data we have collected on zooplankton distribution and biomass in the water column overlying 
Endeavour Ridge are well suited to acoustic calibration of net samples.  The ADCP was mounted just 
below the multiple-net apparatus yielding acoustic and faunal data that are concurrent in both time and 
space.  The attitude sensors and current measuring capabilities of the ADCP allowed us to determine 
the flow volume with only 2 to 3% error (Burd and Thomson, 1993).  A close regressional relationship 
between the biomass and acoustic backscatter (for the specified scattering cross-sectional model) 
means that profile acoustic data can be used to map three-dimensional distributions of biomass in the 
vicinity of the ridge without the need for expensive and labor intensive net sampling tows. 
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WORK COMPLETED 
 
1.  Implementing an automatic tracking algorithm. In the previous reporting fiscal year, we developed 
an automatic arrival time picking and locating algorithm for fin whales (Wilcock et al., 2009) and 
demonstrated the use of a cross-correlation and double difference method (Waldhauser and Ellsworth, 
2000) to refine tracks.  This year we added three additional constraints into the location algorithm: (1) 
the relative amplitudes of the direct path and the first and second multiples (2) the absolute amplitude 
of calls and (3) the azimuth to the whale determined from three-component seismometer particle 
motions.  
 
2.  Tracking vocalizing fin whales. In the previous year we generated a histogram of whale calls for the 
3-year deployment and obtained ~100 preliminary tracks for 2003-4.  This year we presented these 
results (Soule et al., 2009), developed an algorithm to detect and analyze fin-whale calls using 
spectrograms and are midway through the process of refining the analysis of 2003-4 tracks for call 
characteristics, calling patterns, swimming patterns, net seasonal migration, diurnal variations and 
correlations of call locations and rests and gaps in calling with the location of hydrothermal vents. 
 
3.  Analyzing net tow samples. The biological data from the 30 net samples collected in 1995 have been 
analyzed for species, gender, age, and net biomass (wet and dry weight), and included in the historical 
database. The completion of analysis of the remaining samples collected in 1996 has been promised by 
the prime contractor, Biologica Environmental Services, for Fall 2010.  Progress on this front has been 
delayed because of the considerable labor involved in these tasks and because of a shoulder operation 
on the technical person who has been conducting the work. Identifying and weighing the larval, 
juvenile and adult stages of the various fish, zooplankton and jellyfish species at Endeavour Ridge 
requires considerable expertise and specialized knowledge. Since we are examining seasonal and 
interannual changes in the vent organisms caught in the nets we have decided to remain with the same 
company to ensure consistency in the biological analysis and interpretation.   
  
4. Calibrate the acoustic observations with net tow data. In the previous year we used simultaneous 
acoustic backscatter and net tow data from 1991-4 to calibrate the acoustic observations. This year we 
have processed all the acoustic backscatter, water property, and flow velocity data collected during 
towed ADCP/CTD/Optics/Tucker trawl surveys near Endeavour Ridge in 1995-6. The data have now 
been incorporated into the database set up for the earlier period of 1991-4 and await comparison with 
the net tow samples.  We have examined acoustic backscatter time series collected from 2003-6 by 
upward looking ADCPs moored at several sites within the axial valley. 
 
RESULTS 
 
Whale Tracking. The automatic whale tracking algorithm (Wilcock et al., 2009) generally works well 
but for intervals with fewer than six recording, or the background noise levels are high, there can be an 
ambiguity in the grid-search locations for whales well outside the network.  This occurs when one can 
fit many arrivals with incorrect assumption about their path (i.e., assuming one more or one fewer 
multiple for all arrivals at a subset of stations) or when there are several spurious picks that confuse the 
algorithm. To address this problem we have explored the use of additional constraints.  The relative 
amplitudes of the direct path and the first and second multiples vary substantially with range.  While 
thy show significant scatter they are clearly distinguishable at ranges between ~3 km and 12 km (Fig. 3 
left).  The absolute amplitudes of the direct, 1st and 2nd arrivals also vary systematically with range and 
are quite diagnostic of the range out to about 12 km.  At larger ranges, the differences in the amplitude 
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and amplitude ratios are smaller than the scatter in the observations.  At such ranges the amplitudes are 
less able to discriminate the path of a particular arrival although the low absolute amplitudes of all 
arrivals are diagnostic of a larger range. Particle motions for the three-component seismometers allow 
an independent determination of the azimuth to the whale, although there can be a 180° ambiguity 
because of the complex interaction of the incoming water wave with the seafloor.  These constraints on 
the azimuth can also help validate solutions. 
 
Whale Tracks and Calling Patterns.  We have systematically applied the location algorithms to the 
first year of fin whale data (Soule et al., 2009).  The method of detecting and identifying whale calls 
used in the location algorithm can miss calls during periods of low signal-to-noise ratio and when the 
calls are closely spaced.  While occasional missed calls have little impact on the tracks, they interfere 
with statistical analysis of calling patterns.  Since spectrogram-correlation techniques have been shown 
to be an effective means of detecting whale calls (e.g., Mellinger and Clark, 2000), we have developed 
an alternative method to identify calls based on the spectrogram.  The method, which searches the 
spectrogram for down-swept peaks in spectral amplitude within the 13-35 Hz frequency band, has 
proved extremely reliable. 
 

  
 
 

Fig. 3. (left) Mean amplitude ratio as a function of range for the ratios of the 1st multiple to the 
direct arrival (red) and 2nd multiple to the 1st multiple (blue). (right) Mean absolute amplitude (in 

arbitrary units) for the direct (red), 1st multiple (blue) and 2nd

 

 multiple (green) as a function of 
range for fin whale calls. Error bars define the limits enclosing 50% of the observations. 

The repetitive 20-Hz 1-s pulse vocalizations of fin whales have been described by many researchers.  
The pulse interval describes the amount of time between the beginning of one call and the beginning of 
the subsequent call, and is often nearly constant (commonly ~25 s in our data set) or a “doublet” 
pattern (not common in our data set) (Watkins et al., 1987).  Complete calling sequences are referred 
to as “bouts”, and are defined as a group of calls separated by at least two hours from any other call. A 
“rest” is a quiet period between trains of pulses associated with the respiration cycle of the whale that 
lasts between 1 and 20 minutes. 
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Our data set gives us the ability to analyze both the timing patterns of the calls and their location 
around our network.  Instead of the bout, the major unit in our study is the whale track.  For each track 
we use histograms to examine the distribution of call intervals and visually confirm all quiet intervals 
of ≥ 100 s. Our whale tracks encompass a range of swimming behaviors whose end members are single 
whales swimming at slow speeds (~1-2 km/hr) along meandering tracks with a very consistent pulse 
interval (Fig. 4 left) and groups of several closely-spaced whales swimming more quickly (3-8 km/hr) 
along tracks that tend to be straighter with a more variable pulse interval (Fig. 4 right).  The 
spectrograms also provide a visual means to indentify sequences that are the result of more than one 
whale since the frequency range (McDonald and Fox, 1999) and sweep rate (Watkins, 1981) can be 
used to distinguish whales (Fig. 5).  The presence of more than one whale is also often very apparent 
from histograms of the center frequency of the calls in a track (Fig. 4, right bottom).  Most of the time 
there is only one trackable whale or group of whales near our network but we have found instances 
where we resolve two distinct whale tracks.  We also observe incidences where a single vocalizing 
whale is joined by second for a section of a track. 
 
Previous work shows that feeding dives for fin whales have characteristic dive times of 6.3 ± 1.5 
minutes and are shorter than traveling dives (Croll et al., 2001).  Since fin whales are not believed to 
vocalize during feeding dives, we are assembling a data set of calling gaps. Interestingly, we find that 
some tracks include no pauses or gaps while others include several per hour.  Our goal is to see if 
calling gaps are preferentially located above the vent fields. 
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Fig. 4. Examples of (left) a meandering track for a slow swimming whale (1 km/hr) with a  single 
call interval a single call center frequency and (right) a straighter track for a group of faster 

swimming whales (4 km/hr) with an irregular call interval and at least two different whale calls 
based on the center frequency 
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Fig. 5. (top)  Seismogram for a portion of a track showing two quite intervals (275-450 s  
and 1400-1750 s).  The small spikes in the quite intervals are instrumental minute spikes 

 and there is also an earthquake near 400 s.  (bottom)  Spectrogram with a color scale  
designed to emphasize fin whale calls.  The spectrogram suggests the presence of multiple  

whales on the basis of distinct frequency limits of calls. 
 
Net Tows and ADCP Data. The 1995 net tow samples have now been analyzed and added to the 
existing database for 1991-1994 and we anticipate completing the analysis of the 1996 net tow data 
shortly.  Because all net tows were collected with simultaneous ADCP observations, we have been 
able to obtain a regression relationship linking total biomass for each net to the volume-weighted 
ensemble-averaged acoustic target strength recorded by the ADCP.  The strong empirical link between 
backscatter intensity and directly sampled biomass (Fig. 6) enables us to use ADCP backscatter to 
quantify changes in biomass in the absence of net tows.  
 
As part of the present project, we have examined acoustic backscatter time series collected from 2003-
2006 by upward looking ADCPs moored at several sites within the axial valley. The instruments 
measure oceanic variability to a height of about 500 m above bottom.  As indicated by the elevated 
levels of acoustic backscatter in the low-pass filtered ADCP time series (Fig. 7), anomalously high 
concentrations of zooplankton in the vicinity of the vents appear to migrate downward roughly 2000 m 
from the upper ocean to the seafloor in late summer to early fall. This migration is consistent with 
accepted understanding of the zooplankton life cycle. The second pulse of anomalously high acoustic 
intensity observed by the ADCPs in early spring presumably represents early stage zooplankton 
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offspring migrating back toward the surface to feed in the upper ocean through the spring and early 
summer. The adults likely remain in the epiplume region over winter, but their biomass should be 
greatly reduced as they slowly die off following reproduction. Interestingly, the onset of upward 
migration and rapid growth of zooplankton in upper ocean waters in spring coincides with the presence 
of vocalizing fin whales, which persist above the Endeavour ridge into April. 
 
 

 
 
 

Fig. 6. Empirical relationship between total biomass per net and target strength  
from a concurrently towed ADCP.  The best fit linear regression and the associated  

95% confidence interval are shown. 
 
The seasonally varying acoustic backscatter signal observed in the ADCP data from the axial valley of 
Endeavour Ridge (Fig. 7) is consistent with the currently accepted understanding of the migratory 
cycle of the dominant zooplankton species inhabiting the upper open ocean.  What makes the cycle at 
Endeavour Ridge unique is that, in addition to the usual dependence on the surface photic zone 
productivity, the zooplankton are taking full advantage of the vent-derived production (Burd and 
Thomson, 2000). The added availability of vent-derived products gives rise to the higher reproductive 
output into the surface waters and, hence, increased biomass in the vicinity of the vents. Burd and 
Thomson (1994) conducted community analyses on the zooplankton assemblage to show that the deep 
epiplume scattering layer consists largely of typical mid-depth zooplankton, which are not found below 
1000 m depth at locations away from the venting region. Thus, the zooplankton migrate over a 2000 m 
depth range near the vents but elsewhere in the northeast Pacific are limited to the upper ocean above 
the oxygen minimum zone (800-1000 m depth) (e.g., Miller et al., 1984).  The dominant zooplankton 
in the study region reach their maximum growth as pre-adults (stage C5) in near-surface waters, stop 
feeding (diapause) and then sink to deeper water in late summer to early fall to overwinter. The 
animals mate during the over-wintering period and eventually release their reproductive by-products to 
rise to the surface in spring. The adults remain at depth and are assumed to die after spawning (annual 
life cycle). The existing paradigm states that all stage C5, adults, and rising offspring are non-feeding. 
Thus, zooplankton production is typically thought to be limited by surface phytoplanktonic input.  
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However, isotopic research at the Endeavour Ridge hydrothermal venting region (Burd and Thomson, 
2000) has shown that the pre-adults (C5) feed opportunistically at 2000 m depth above the buoyant 
vent plume on material derived from the vents.  Thus, zooplankton are able to greatly enhance their 
reproductive output, which then migrates or floats to the surface to start the cycle again.  

 

 
 

Fig. 7.  Plots of backscatter intensity for an upward looking ADCP against time and distance above 
the seafloor for two moorings in the Endeavour vent field region. The raw backscatter intensity data 

from the four acoustic beams of each RDI ADCP are ensemble averaged using 80-acoustic pings 
per hour samples. These hourly ensembles are then low-pass filtered to daily values using a Kaiser 
window. The daily values (in RDI counts) are subsequently divided by log10(VI) where V is voltage 
and I is current (in counts), that the instrument records as being the power delivered by the battery. 
This is done to normalize the data with respect to battery depletion. In order to remove the effects of 

beam loss through spreading and absorption, the record-averaged value for each bin is removed. 
These values are then offset so that the lowest value corresponds to zero; these are the values plotted 

as per the scale on the color bar. 
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IMPACT/APPLICATIONS 
 
We have developed an automatic fin whale-tracking algorithm that can be applied to other seafloor 
seismic networks.  The method could be adopted to locate other vocalizing species (or anthropogenic 
sounds) with a network of seafloor receivers provided the calls are sufficiently short that the direct and 
multiple arrivals do not overlap.  The close regression relationship between biomass and acoustic 
backscatter provides a method to extrapolate limited net tow data to images of the 3-D distribution of 
biomass.  If our study demonstrates a correlation between whale tracks, enhanced zooplankton 
concentrations and hydrothermal vents it will have implications for our understanding of the global 
influences of hydrothermal vents on the trophic ecology of the ocean (Gisiner et al., 2009).  
 
RELATED PROJECTS 
 
The Endeavour segment will be a node on the NEPTUNE Canada regional cabled observatory. In fall 
2010 and spring 2011, the Endeavour node will be populated with water column experiments that will 
monitor deep macrozooplankton concentrations (Rick Thomson is the lead-PI) and with a seafloor 
seismic network (William Wilcock is a co-PI).  
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