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Executive Summary

Overview

On March 15 and 16, 2000, a multi species, mass stranding of 17 cetaceans was discovered in the
Northeast and Northwest Providence Channds of the Bahamas Idands (a mass stranding is defined
as two or more animds). Seven of the animas are known to have died, ten other animas were
returned to the water dive. A comprehensve investigation into al possible causes of the stranding
was quickly launched. Based upon necropsies of the dead animds it was preiminarily determined
that they had experienced some sort of acoudtic or impulse trauma that led to their stranding and
subsequent desth.  Detalled microscopic studies were initiated to identify the mechanism by which
this acoudtic or impulse source caused trauma. Mog, but not dl, lines of investigation have now
been compl eted.

Based on the way in which the drandings coincided with ongoing nava activity involving tactical
mid-range frequency sonar use in terms of both time and geography, the nature of the physiologica
effects experienced by the dead animds and the absence of any other acoustic sources, the
investigation team concludes that tactica mid-range frequency sonars aboard U.S. Navy ships that
were in use during the sonar exercise in question were the most plausible source of this acoustic or
impulse trauma. This sound source was active in a complex environment that included the presence
of a strong surface duct, unusuad underwater bathymetry, intendve active use of multiple sonar units
over an extended period of time, a congtricted channel with limited egress, and the presence of
beaked whdes that appear to be sendtive to the frequencies produced by these sonars. The
investigation team concludes that the cause of this stranding event was the confluence of the Navy
tacticd mid-range frequency sonar and the contributory factors noted above acting together.
Combinations of factors different from this one may be more or less likdy to cause strandings.
Research should focus on identifying problematic combinations so they can be avoided. The actud
mechaniams by which these sonar sounds could have caused animals to strand, or their tissues to be
damaged, have not yet been revedled, but research is under way. This research, aong with other
research on the impacts of sonar sounds on maine mammds, increased knowledge of maine
mammal dengities, increased knowledge of causes of besked whae strandings, increased knowledge
of beaked whde anatomy, physology and medicine, and further research on sonar propagation, will
provide valuable information for determining which combinations of factors are most likely to cause
another mass dranding event.  SURTASS LFA, another Navy sonar, had no involvement in this
event.

This report reviews the evidence that led to the above conclusions, describes a program of research
amed at answering the outstanding questions on the impacts of tacticd mid-range frequency sonar,
and ligs interim mitigation measures for future sonar operations. All technical terms used in this
report are defined in a Glossary a the end. This is an interim report; Conclusions and
Recommendations appearing here could change somewhat as find results become available. The
mgor findings of each part of the investigation are summarized below.



Biological I nvestigation

A biologicd report compiled by NOAA describes the stranding event and the results of biological
examinations that were conducted on the dead animas. Seventeen cetaceans involving four species
(Cwier's beaked whaes, Blanvilles beaked whaes, Minke whales, and a spotted dolphin) were
found stranded within a 36 hour period aong a 240 km arc in the Northeast and Northwest
Providence Channds of the northern Bahamas Idands. Only odontocetes (toothed whales) are
known to mass strand. Besked whales mass strand much less often than other odontocetes. Cuvier's
beaked whde mass strand more frequently (20 known events) than other beaked whale species.
Only two other mass dranding events of beaked whaes have been reported for the Bahamas since
1864. From ther condition, the animds in this investigation most likely al stranded on March 15,
athough some were not discovered until March 16. Strandings were first noted at the southern end
of the channdls and reports proceeded northwest throughout March 15.

Seven animds died, induding five Cuvier's beaked whales, one Blanville's beaked whale, and one
spotted dolphin.  Of the Sx necropsies that were performed, only three animas (one Cuvier’'s besked
whale, one Blainville's besked whde, and the spotted dolphin) were sufficiently fresh to clearly
examine the lesons. Two of sx animas were buried for two days and were later exhumed for
complete necropsy. A sixth anima was examined five days later and found to be in advanced
decomposition.  The necropsy on the spotted dolphin reveded the anima died with systemic
debilitating disease. 1t was considered unrelated to the mass stranding event cluster.

All five beaked whdes examined by necropsy were in good body condition, and none showed
evidence of dehilitating infectious disease, ship strike, blunt contact trauma, or fishery related
injuries. Three of the beaked whales had food remains in their somachs. Some type of auditory
gructurd damage was found in four besked whaes examined, specificdly bloody effusons or
hemorrhage near and around the ears. The mogt significant findings, which were found in the two
freshest gpecimens, conssted of bilaterd intracochlear and unilateral tempora region subarachnoid
hemorrhage with blood clots bilaterdly in the latera ventricles. Pathologists concluded that the
hemorrhages occurred before deasth and would not necessarily have been fatal or have caused
permanent hearing loss in terrestrid mammals.  However, such hemorrhages are debilitative and
may have compromised hearing or navigaiond abilities, resulting in disorientation and subsequent
dranding. Three animas dso had smdl hemorrhages in the acoudtic fats (along the jaw and in the
melon), but it has not yet been determined whether these hemorrhages occurred before or after
death.

The most likdy cause of the observed trauma was ether acoustic or impulse injuries. Pathological
andyss done cannot differentiate between far-fidd blast effects and acoudtic induced injury from
gangle or multiple events. However, review of acoustic records show that no explosions occurred
a the time of the srandings. Therefore, by deduction, it is reasonable to assume that the
hemorrhages were acoudicdly induced. The besked whales showed evidence of overhesting,
cardiovascular collapse, and physiologica shock, a cascade of physiologica events that commonly
results in death after stranding. They were the mogt likely immediate cause of death, athough the
offshore acoustic event triggered this cascade of events.



Passive Acoustic Recording

A report prepared by NOAA notes that the agency was operaing two passive acoustic monitoring
arrays that could detect sounds from the Bahamas during the time frame in question. One array, that
was located 100 nautica miles south of the stranding Site was not recording continuously and may
have missed an explosion if one occurred. The other array, located on the mid-Atlantic ridge, was
recording continuoudy, but showed no evidence of an explosion or geologica event (earthquake
etc.). These recordings ruled out the posshbility that a digant exploson could have been the
causative acoustic event.

Ship Movements and Acoustic M odeling

Commander in Chief, U.S. Atlantic Fleet prepared a report (presented here in abstract only), which
describes in detail the timing and courses of U.S. Navy ships in the Northeast and Northwest
Providence Channds on March 15, 2000, the kinds of sonars used, modes of operation, and
frequencies and power sttings employed. The ships were operating in the Providence Channels
because of unfavorable politica conditionsin their usud range near Vieques, Puerto Rico.

Numerous ships transited from the southeast to the northwest in generdly the same pattern in which
drandings were discovered. Five ships used thar manframe active sonar in the channds during the
time of interest. A detailed acoustic analysis was prepared for four of them (referred to as ships A,
B, C, and D). Ships A and B operated the tactica mid-frequency sonar designated AN/SQS-53C
[center frequencies 2.6 and 3.3 kHz (kilohertz) usually at source levels of 235 dB]. Ships C and D
operated sonar designated AN/SQS-56 (center frequencies 6.8 to 8.2 kHz, usudly at source leves
of 223 dB). Ships B, C, and D were in the channe from approximately midnight March 14 to
goproximately noon March 15. Ship A and five others were in the channel from approximately 6
AM to gpproximately 4 PM on March 15, four to six hours behind ships B, C, and D.

During the 16 hour period in which the ships trangted the channd using sonar, each ship pinged its
sonar gpproximately every 24 seconds, with pings from nearby ships staggered in time so as not to
coincide. Because the ships did not operate at the same frequencies, and because the ships with the
same frequency sonars did not operate in the same tempora and spatia proximity, there is little
likelihood of increased sound pressure level from multiple, smultaneous pings.

An acoustic modeling report by the Office of Nava Research (ONR) describes how sound from the
above-mentioned tactical mid-range frequency sonars would have propagated in the Providence
Channels the day of the stranding. Using environmental data from the day in question, as well as
historic data for the site in question, various acoustic propagation models were run. The propagation
modd and Monte Carlo methods used to smulate naturd variability amount to a wordt-case
example. The models dl yidded very amilar results, indicating a surface duct that would have
concentrated sound in the top 200 m of water. Thus, reverberation from the sides or bottom of the
submarine canyons likdy did not contribute Sgnificantly. Likewise, the cadm seas did little to stop
the reflection and caused fewer ar bubbles, which disspate sound energy. Actud animd locations
a the time of exposure are unknown, so there is no precise measurement of the amount of



ensonification the stranded animas received.  Finally, modeling was limited by the lack of evidence
supporting a specific Receive Leve at which tissue damage will occur for the beaked whales in
question.

The modds show the sound pressure leve that whaes could have encountered from these sonars
in various parts of the channd. In reviewing the modeling data, it is important to differentiate
between the sound pressure leved at the source (SL), which is measured at a distance of one meter
from the source, and the sound pressure that the anima would receive, or the Receive Levd (RL).
Additiondly, it is important to note that due to spherical spreading of sound, absorption, reflections,
scattering, and other phenomena, SL drops markedly as one moves away from the source.

In brief, modding for the AN/SQS-56 sonar indicated sound pressure levels greater than 180 dB
would usudly have been encountered no more than 300 m from the source horizontally, and no
more than 200 m verticdly (the depth of the duct). For the AN/SQS-53C sonar operated at nominal
source leve of 235 dB, the modd indicates sound pressure leves greater than 180 dB would usualy
have been encountered no more than 1,000 m from the source horizontally, and no more than 200
m verticdly. During a brief time period when ship B operated its AN/SQS-53C system at a higher
power stting, the model indicates sound pressure levels greater than 180 dB no more than 5,000 m
from the source horizontaly, and 1,400 m verticdly. This period of increased Source Level is not
likely to have caused dl 17 drandings because it did not move in a south to north pattern nor cover
the whole 240 km span of the stranding sites.  All these are very narrow swaths in comparison to the
width and depth of the Providence Channedls, and most likely in comparison to the distribution of
the besked whaes in question.

The rise time of the sgnd, the time required for the sSgnd to grow from zero to maximum
amplitude, can have an impulse-like effect if it is short enough. The rise time of these sonars was
0.4 to 0.1 millisecond, depending on signd frequency. This is not considered brief enough to have
an effect like an explosion.

Fndly, the modding team concluded that it was not likely that sound pressure level was increased
by multiple, smultaneous sonar pings. The greatest additive effects occur when signals have nearly
identical phases and amplitudes. These sonars did not ping smultaneoudy, so the conditions for
an additive effect were dmost never met.

Follow-up Research Actions

A report by the Office of Naval Research summarizes the follow-up research actions that are needed
to understand factors that contributed to the dranding event. The Recommended Research Actions
section details research that would hdp to 1) identify the mechanism(s) that led to the physiologica
effects observed, and 2) mitigate the effects of these sonars in future operations. This list does not
purport to be an exhaudive compilation of dl possible actions, but does describe projects already
under way, being planned, or feasble but not yet funded, which collectively are intended to reduce
or diminate further srandings of thistype.



Conclusions and Recommendations

To the maximum extent practica, the Navy will adopt measures in its future pescetime training,
induding those invalving the use of tacticd midrange sonars, to avoid the taking of marine
mammals. Under the circumstances investigated in this report, two actions are recommended for
the Navy. These are to understand the mechanisms by which sonar sounds affect marine mammal

tissue or behavior, and to concurrently put into place mitigation measures that will protect animds
to the maximum extent possible and not jeopardize National Security.

Vi



Biological I nvestigation

MASS STRANDING EVENT IN NORTHERN BAHAMAS,
MARCH 15-16, 2000

Abstract: FromMarch15-16, 2000, there was a mass stranding of 17 cetaceans in the Bahamas. The
strandings were clustered within a 36 hour period over three idands (Grand Bahama, Abaco, and North
Eleuthera), and coincided with U.S. Navy activities in the area.  During this time period, nine Cuvier's
beaked whales (Ziphius cavirostris), three Blainville' s besked whales (Mesoplodon densirostris), two
unidentified beaked whaes, one spotted dolphin (Senella frontalis), and two Minke whaes
(Balaenoptera acutor ostrata) werereported stranded. At least seven of the animds are known to have
died (carcasses were recovered), and Sx of these animals were necropsed. The remaining live whaes
were pushed off the beach and/or escaped to deeper water. The fate of those animals is unknown.
Initid gross necropsy, computerized tomography examination and full head necropsies on those beaked
whales not returned to the water showed that the animas were in good body condition (5 animas), that
there was no macroscopic indication of dehilitating infectious disease (5 animds), and that the animals
had tempora region subarachnoid hemorrhage (1 anima) and hemorrhage in the intracochlear duct (2
animas) and acoudtic fats (3 animds). These findings are conastent with an acoudtic or impulse injury
that caused the animds to strand, sx of them then to subsequently die as a result of cardiovascular
collapse due to extreme physiologic stress associated with the physica stranding (ie, hyperthermia, high
endogenous catecholamine release). The spotted dolphin and minke whaes stranded in different
geographic areas than the rest of the animas (beaked whaes). The findings in the spotted dolphin
postmortem examinaion showed evidence of chronic disease and debilitation. The spotted dolphin
showed no auditory trauma in common with the beaked whales based on gross and computerized
tomographic lesons (no hemorrhage in the inner ears and acoudtic fats); therefore, this anima was not
considered part of the mass stranding event. The minke whales returned to deeper water and were not
reported to re-strand. One of the animals spent over 24 hourson the beach and was physically removed
to deep water by aboat, the other minke whale stayed in a shallow enclosed harbor for two days before
being escorted out to deeper water by boats. Because these two animals did not die and were not
examined while in shalow water or on the beach, no definitive statements can be made about the cause
of thar dranding, ther survivd, or ther injuries However, the stranding of minke whales in the
Bahamas is unusud. This report summarizes the preiminary biological findings of the ongoing
investigation of this mass dranding event. A find report summarizing the findings of the complete
investigation will be published in 2002 after peer review.

Introduction

Mass grandings are defined as two or more cetaceans (excluding cow/calf pairs) that are found ashore
dive or dead and whichare spatidly and tempordly correlated (Wilkinson, 1991). From 1987 to 1999,
eighteen cetacean species were represented in mass strandings along the east coast of the United States.
Only odontocetes (toothed whales) are known to mass strand. In the U.S,, the most frequent speciesto
mass strand are: Atlantic white sided dolphins (Lagenorhynchus acutus), short finned pilot whales
(Globicephala macrorhynchus), long finned pilot whaes (Gl obicephala melaena), common dolphins
(Dephinus delphis), rough toothed dolphins (Steno bredanensis ), and pygmy sperm whaes (Kogia



breviceps) (Wdsh, et d, 2001). Speciesthat mass strand are typically more socid and peagic animds
which are often less accustomed to shdlow or in-shore habitats (Geraci and Lounsbury, 1993). Some
geographic areas have a higher incidence of mass strandings, whereas other mass strandings may occur
following specific weather or oceanographic events. Causes of mass strandings are varied. Often many
animds in a particular mass granding event appear physcdly normd, and frequently no cause of the
granding or mortaity is evident upon gross examination. More often than not, response to mass
grandings overwhedm the dranding network even in areas which have standardized protocols and
congderable resources and experience. The sheer volume of work or the decompositionof the carcasses
may preclude in-depth studies of the stranded animals, but every effort is made to examine animals as
thoroughly as possible to alow more complete investigations of causes of mass strandings.

Mass drandings of beaked whaes, in generd, are much less common than mass strandings of pilot
whaes or white-sided dolphins and are more often associated with idands rather than mainland
coadtlines. Historicaly from 1838 through 1999, there were 49 reported mass stranding events of
beaked whdes for atota of 226 animals and a mean average of 5.4 animals per event (excluding those
events in which numbers of stranded animds were not documented). (These data were obtained from
the Cetacean Digribution Database, compiled by the Marine Mamma Program, Nationd Museum of
Natura Higtory, Smithsonian Ingtitution). The largest number of beaked whaes that stranded in asingle
event was a mass sranding of 28 Gray’s beaked whales (Mesoplodon grayi) which occurred in New
Zedand in 1875 (Haast, 1876). The earliest reported beaked whale mass stranding was of Northern
bottlenose whales (Hyperoodon ampullatus) in which four animas stranded on November 14, 1838 in
Norway. Blanvilleés beaked whaes (Mesoplodon densirostris) have been uncommonly reported in
meass strandings. Higtoric records show that this species was involved in only one other mass stranding
that occurred in 1989 in the Canary Idands (Vonk and Martel, 1989; Simmonds and L opez-Jurado,
1991).

Cuvier's beaked whales (Ziphius cavirostris) have been the mogt frequently reported mass stranded
beaked whde worldwide. There have been 21 known events through 2000 totaling more than 129
animds with a mean average of 6.2 animals per event. Although the first reported single stranded
Cuvier's beaked whae was in 1804, the first mass stranding of that species was reported in May, 1963
in Genoa, Itay. Cuvier's beaked whae mass stranding events have been reported more frequently in
thelast 20 years (Table 1) than previoudy reported. However, the reporting and detection networks have
been much more organized and effective in many countries in the last two decades than in previous
ones. Reports of strandings are a combination of effort, actua frequency, and species identification.
Since 1974, there have been 9x multi-gpecies mass srandings involving beaked whales (exduding this
current event). In dl sx events, the Cuvier's beaked whae was again the principa species involved.

From a historical perspective, the Bahamas mass stranding event occurred in an uncommon geographic
location and involved an unusudly large number of animas of mixed species. Mass strandings in the
Bahamas are unusud. There are only two other records of mass srandings in the Bahameas (4 Cuvier’'s
beaked whales which stranded on February 5, 1968 and 3 Blainville's beaked whaes which mass
stranded on March 5, 1998). In 1991, Simmonds and Lopez-Jurado (1991) reported an apparent
association of besked whae mass strandings with nava/military activities but concluded that the reason
for the unusud srandings can only be the subject of speculation snce no pathologica examinations had
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been done on the animds. Most of those corrdated events involved the Cuvier's besked whae as the
principd species (Frantzis, 1998). To date the mass stranding which has been most intensely
investigated was of Cuvier's beaked whaes which stranded during May 12-15, 1996. This mass
granding was externally reviewed by a SACLANTCEN Bioacoustics Pand held in La Spezia, June 15
17, 1998. Because of the lack of comprehensive necropsy and complete tissue andyses, the possbility
of a pathological cause for the 1996 strandings could not be determined. This panel concluded that an
acoudtic link could neither be clearly established nor eiminated as adirect or indirect cause for the May
1996 drandings. The pand recommended that snce the effects of sound on marine animds vary
according to species, additiona research was needed to determine the hearing characteristics and
behavior of the entire range of marine species. The recognition of the need for more informetion on the
anatomy and physiology of beaked whale hearing and head structures led to the two fresher head
specimens being collected in this current investigation.

This report only contains a brief summary of the biologica informaetion completed to date. The
complete data set from ongoing andyses and find conclusions will be available in a find report to be
completed early in 2002. Although there were no fresh animas on which complete necropsies were
performed, the evidence obtained from partia collections of the freshest animads included the best
samples to date that are likey to show defined lesons which may lead to a cause of injury. Data
collection from future responses that are rapid and utilize standardized collections from mass and Sngle
stranded beaked whaes will increase our understanding of the morphology and physiology of beaked
whales and the types of disease, lesions and mechanisms of injury in these pecies.

Epizootiology

Stranding Occurrence. The drandings were clustered tempordly (within a 36 hour period) and
spatidly (dong a 240 km arc including Grand Bahama, Abaco, and North Eleuthera idands) (Figure
1). Thefirst beaked whde stranding was reported at 07:30 (local time; 12:30 Zulu time) on March 15
(live Cuvier's beaked whale), and the last stranding was reported on March 16, 2000 (dead Cuvier's
beaked whae€). All of the animads reported on March 15 (n=11) were initidly described as live
grandings, and only one of these reported strandings was found dead that day. All of the strandings
subsequently reported on March 16-17, 2000 were of dead animals (n=6). Strandings occurred firg at
the southern end of the arc and moved northwest throughout the day (Figures 1 and 2, and Table 2).
Since the reporting time does not dways reflect the stranding time, and the animas that were reported
on March 16 were dead and showed some signs of decompogtion, the initid time of stranding for al
the animds in this cluster most likely was on March 15, 2000. Figures 2a-e reconstruct the temporal
and geographic correspondence between ship movements and individua strandings.

Of the 17 cetaceans reported, 14 were first reported as live strandings. Ten of the animals were pushed
off, escorted to deep water, or swam away from shore (2 Minke whales, 2 unidentified beaked whaes,
2 Blanvilles beaked whaes, and 4 Cuvier's beaked whaes). It is not known whether these animals
survived, snce none of the animals have been recognized as re-stranded or re-sighted to date (Balcomb
and Claridge, 2001). The sex and age class composition for this mass stranding is incomplete, since age
and sex class are not yet confirmed for many of the animas. Generd age classfication is made by
animd length but will be confirmed using growth layer groups in teeth. Skin samples were obtained
for genetic anayses from two of the live animals that were pushed off (1 Cuvier's beaked whde and
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Tablel. List of Cuvier's beaked whae mass strandings globally as recorded in the Cetacean Distribution Database,
National Museum of Natural History, Smithsonian Institute. (Zc= Ziphius cavirostrisor Cuvier’s beaked whale; Sc=
Stenella coerul eoal ba striped dol phin; Md= Mesoplodon densirostris or Blainville' s beaked whale; M e=Mesoplodon
eurapaeus or Gervais beaked whale; Ha= Hyperodon ampullatusor Northern bottlenose whale; UB = unidentified
beaked whale).

Species Numbers Date L ocation

(molyr)
ZC >15 5/1963 Genog, Itay
Zc 5 12/1965 La Parguera, Puerto Rico
Zc 4 2/1968 Normans Cay, Exumas, Bahamas
Zc 4 4/1974 Bonar
ZclSc 3/1 12/1974 Corsica
ZC 3 3/1975 Anegada |dand, British Virgin Is.
Zc 3 1/1980 South Shore, Bermuda
ZC 4 1981 Ferry Beach, Bermuda
Zc 6 3/1983 Bdtra, Galapagos |dands
Zc/Md 12/1 2/1985 Fuertoventura, Canary Idands
Zc/Me 51 6/1986 Mala, Canary Idands
Zc/lMe 22 7/1987 Los Jameos del Agua, Canary

Idands

Zc/Ha 3/1 11/1988 Fuertoventura, Canary Idands
Zc/Md/Me | 19+/3+/3+ | 10/1989 Fuertoventura, Canary Idands
Zc 4 2/1991 Buck Idand, U.S. Virgin|s.
Zc 12 5/1996 Kyparissakos Gulf, Greece
Zc 3 8/1997 Greece
Zc 5 7/1998 Aguadilla, Puerto Rico
Zc/Md/Bal | 9/3/2/2 3/2000 Bahamas
UB
ZC 4 5/2000 Madera Archipdago

1 Blainville's beaked whale), as well as from dl of the dead animals, so sex can be determined and
gpecies be confirmed. Photographs were obtained of the Minke whales, and sx of the live beaked
whales. One of these live beaked whales had been previoudy photodocumented in the area during
ongoing photo-identification research (unpublished data, Bahamas Marine Mammd Survey Group).
No samples were taken, nor are photos yet available, from two of the unidentified beaked whales,
therefore, species confirmation, sex, age class, and anima condition cannot be confirmed.

Of the seven animds that died, sx were necropsed (4 Cuvier's besked whaes, 1 Blainville's
beaked whae, and 1 spotted dolphin). Sex and reproductive status were confirmed on those animas
that were necropsied: 3 females (2 Cuvier's beaked whales, 1 spotted dolphin) and 4 males (3
Cuvier's beaked whales and 1 Blainvilleés besked whale). One Cuvier's besked whae was
identified as a femde but was not necropsied, and reproductive status was not determined. Age
class has not yet been confirmed on mogt of the animals. However, teeth were obtained from four
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of the sx necropsied animds for age edimation using growth layer group andyss and andyss is
pending export of teeth from the Bahamas.

Response and Investigation. The Bahamas Marine Mamma Survey (BMMS) group and Dr. Alan
Bater, a veterinarian desgnated by the Bahamas Department of Fisheries, initidly responded to
these strandings. Upon request from Dr. Bater, the National Marine Fisheries Service (NMFS) sent
an invedigaive team consgsing of pathologists and biologists. Since the dranding event, the
invedigation team has involved NMFS, the Bahamas Maine Mammd Survey group, the
Smithsonian Indtitution -National Museum of Natural History, Woods Hole Oceanographic Ingtitute,
Dr. Bater, and conaulting experts to examine the epizoctiology of the drandings and subsequent
mortalities (Table 3).

Gross Findings and Computerized Tomography

Specimen condition. Of the 9x necropsies performed, only three animas (1 Cuvier's beaked whale,
1 Blanville s beaked whale, and 1 spotted dolphin) were aufficently fresh to provide relatively clear
lesons for evauation and interpretation (the actual necropsies were conducted hours after desth
and/or heads were frozen soon after degath for later examination). Only one of these was a complete
necropsy (spotted dolphin) in which the anima carcass was thoroughly examined by trained
personnel and organs were examined and tissues collected. Two of the six animas were buried two
days falowing their death and were later exhumed (within four to sixteen hours) for complete
necropsy and collection of the ears. A sixth anima was examined five days later and found to be
in a state of advanced decompostion indicating that the anima had stranded and died severd days
prior to examindion (on the same day as the other strandings). The tissues from the two exhumed
anmds were severely decomposed. The heads of six animas were examined by gross dissection.
Three were badly decomposed and were examined on-site post exhumation, and three heads were
reasonably fresh (1 Cuvier's besked whae, 1 Blainville's beaked whale, and 1 spotted dolphin).
The three best- preserved specimens, two beaked whde heads and one intact spotted dolphin
carcass, were frozen on ste for later examinations by computerized tomography (CT) followed by
gross dissection and histology.

Findings.

Sootted Dolphin. Gross necropsy of the spotted dolphin showed that the animal was in poor body
condition with associated disease. Computerized tomography scans and subsequent dissection
revealed that this animal had extengve snus disease, necrotic deposits from long term inflammation
of the midde and peribullar areas bilaerdly, and evidence of sysemic debilitating disease. The
spotted dolphin stranding dte was acoudticaly isolated from the main exercise and from the duct
that occurred in the Providence Channdls, leeward waters in which the beaked whale strandings
occurred. Due to the dissmilar pathology (see below), distant geographic




Locations of Strandings in the Bahamas
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Figure 1: Location of animals that were reported stranded on March 15-17, 2001 in the Bahamas. (Zc = Cuvier's
beaked whale; Md= Blainville' s beaked whale; Ba= Minke whale; Sf = spotted dolphin).

location of this stranding relative to the rest of the strandings (Figure 1), presence of a land barrier

and currents that separated it from acoustic sources on the other side of the island, and the absence
of congpecifics or other dephinids in this dranding event, the stranding of this anima was

conddered unrdated to the mass dranding event clugter. Therefore this anima will not be

consdered in further discussons in the investigation of this mass stranding event; however, the CT
scans and histopathology of the ears will be used in the ear pathology database for comparisons.



Figure 2: Maps of strandings relative to ship positions (ships A-D) when sonars were turned on and sound field
modelingwas performed (See pages 32-35). The maps depict ship position at Zulu timeindicated at the heading of each
map, and strandingsthat occurred at that time or in the 1.5 to 2hours between the maps. Thestrandingsindicatethetime
of thefirst report of the stranding and the col or of the flagindicates whether the animal was first reported alive (yellow)
or dead (red). Each flag position may represent morethan oneanimal asindicated by thetimesassociated with each flag.

On Figure 2b, three strandings occurred between 0700 and 0900 near the same point and are represented by one flag.
The ships A-D are the same as indicated in the modeling report on pages 32-35.
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Figure2a:

Map of strandings at 0700 relative to ship positions (ships A-D) when sonars were turned on.
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Figure2b: Map of strandings at 0900 relative to ship positions (ships A-D) when sonars were turned on.
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Figure2c: Map of strandings at 1100 relative to ship positions (ships A-D) when sonars were turned on.
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Figure2d: Map of strandings at 1230 relative to ship positions (ships A-D) when sonars were turned on
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Figure2e: Map of strandings at 1430 relative to ship positions (ships A-D) when sonars were turned on.

Beaked Whales. All beaked whale carcasses examined by necropsy had smilar gross (n=5) and
cranid CT findings (n=2). Even the moderately decomposed animas had lesons in common with
the fresher animass, athough the most reliable findings are those found in the freshest tissues. Gross
necropsy showed that dl five beaked whales examined were in good body condition, and none
showed evidence of dgnificat dehilitating infectious disease, ship drike, blunt or other overt
contact trauma, or fishery related injuries. The mde Blanvill€ s beaked whde, which was the best
preserved beaked whae, had rena capsular hemorrhage, mild lung hemorrhage, and heart muscle
lesons which are often seen in grandings (Turnbull and Cowan, 1998), and bruising of the larynx.
There was no evidence of external or subcutaneous hemorrhages such as those seen in boat strikes
or interspecific aggresson in any of the beaked whaes examined. There was no evidence of gastric
obgtruction from ingested marine debris or fisery interactions which have been found in some
gangle stranded beaked whdes dong the U.S. Atlantic coast. Many of the beaked whales did have,
however, superficid abrasions typica of beach stranded live animas or animals that have rolled in
the surf while dive,

The results from the beaked whale head dissections and CT scans reveaed no evidence of
fractures or cutaneous/'subcutaneous hemorrhages nor other evidence consistent with blunt trauma
or primary blast shockwave from an exploson. There was strong evidence indicetive of acoudtic
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trauma in the two freshest beaked whae heads. The most significant findings consisted of bilatera
intraccochlear and unilateral tempord region subarachnoid hemorrhage with blood clots bilaerdly
in the lateral ventricles in the Blanvillés beaked whae and intracochlear hemorrhages in the
Cuwvier’' s beaked whale (Figure 3).

Mesoplodon densivostris

Aconustic Eats »
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Brain
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3D CT
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mandibular fats
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Figure3: Threedimensional reconstruction of two dimensional computerized tomographicimagesof thefreshest specimen,
Blainville's beaked whale. The images point out the positions of the hemorrhage found in this specimen relative to
identifiable head structures. (sah = Subarachnoid hemorrhage; iac = internal auditory canal; cagq = cochlear aquaduct;
ventricle = lateral ventricle of brain).

Smilar ear injuries were seen grody in the two moderately decomposed Cuvier's beaked whales as
wdl as intrecranid daning. In smpler terms, there were deposits of blood within some of the inner
ear chambers, and in at least one animd the blood trall can be traced to a hemorrhage in a discrete
region of a flud space surrounding the temporal regions and within a ventricle of the brain. Some type
of auditory structurd damage findings are present in al four besked whaes examined (all showed
bloody efusons or hemorrhage near and around the ears). However, for the decomposed animals,
these findings by themselves would not be definitive because of the difficulty of distinguishing them
from necrotic or non-lesond autolytic changes. However, the presence of these changes in light of
metching lesons in the fresher animals increases the likelihood that they were incurred before desath.
The presence of blood in only restricted intracrania spaces and the intact inner ear membranes in the
best preserved ear are not condgstent with smple post-mortem pooling.  Indiscriminate post-mortem
pooling is generdly greater in the gravitationaly dependent or down sSde on the beach and occurs
throughout the whole ear because normal ear tissues that sedl and divide the inner ear are lost through
post-mortem degradation.  The pattern of injury in the two freshest animas, therefore, suggests the ears
were dructurdly intact and the animds were dive at the time of infury. In summary, this pattern of
damage is most consgtent with acoudtic trauma. Additional andyses, such as light microscopy, are
underway on al specimens that will better characterize the damage and determine with greater certainty
any contributory causes (see histopathology section).
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Life history

Stomach contents were examined from three animals (2 Cuvier's besked whde and 1 Blainville's
beaked whae). No prey remains were found in the ssomach of the Blainville' s beaked whale; however,
the two Cuvier's beaked whde stomachs contained smdl quantities of cephalopod and crustacean
remans that were condstent with other beaked whde prey examinations (Clarke, 1996). Age class
determingtions are underway usng examingion of growth layer groups in sectioned teeth. Renal
parasite identification and genetic andyses are dso pending.

Histopathology

Post cranial histopathology. Two independent pathologists examined tissues from four animads (3
Cuwvier's besked whales and 1 Blainvilleé's beaked whae). In two of the Cuvier's besked whaes (Zc
10 and Zc 11), advanced post-mortem decomposition hampered histologica interpretation of the
tissues. Neither the exact cause of death nor any contributory disease was evident in these two severdly
decomposed animals. However the acute pulmonary edema and congestion observed in these two
animds are common nonspecific findings seen in stranded cetaceans, particularly in those which strand
live and subsequently die on the beach. Examination of tissues from the remaining Cuvier's besked
whaes (Zc 7 and 14) reveded moderate to severe autolysis which precluded in-depth analyses.
Inflammatory changes were seen in the lymph nodes of the fresher animal (Zc8); however, these
inflammatory changes are commonly seen in stranded wild odontocetes, often associated with
parastian. The Blainville's besked whae (Md12) tissues were the freshest of the four sets examined,
and andyses of multiple organs, post-cranidly, did not reveal a cause of death or evidence of chronic,
debilitating disease. The heart showed evidence of acute myocardid contraction band necrosis, a not
uncommon finding in stranded odontocetes, which has been attributed to elevated endogenous
caecholamine in other animals and humans (Turnbull and Cowan, 1998). The kidneys showed
evidence of acute capsular and subcapsular hemorrhage.  Multiple organs showed signs of congestion
and mild hemorrhage, a common non-specific termind finding in stranded odontocetes.  In addition,
this anima dso showed evidence of inflammation in the lungs and associated lymph nodes smilar to
that commonly associated with parasitism in wild odontocetes. Parasites are common in free ranging
whales.

Cranial/ear histopathology. Find tissue andyses, results and interpretations are pending for severd
anmds (Zc10, 11, 8 and Md12). Soft tissues were collected from the head of one Blainville' s beaked
whde (Md12) and one Cuwvier's beaked whde (Zc8) and have been examined by two pathologists.
Brain tissue is currently being examined from these two animas for structura lesons and for evidence
of infectious disease such as morhillivirus Ear tissues were collected from three Cuvier's besked
whaes involved in the Bahamas investigation, one Blanvilleés beaked whde from the Bahamas mass
granding, the spotted dolphin from the Bahamas stranding, other delphinids and Ziphius from unrelated
ange and mass drandings. The tissues have been prepared, cut, and examinations are currently
underway. Prdiminary histologica results from two sets of Ziphius ears (Zc10 and Zc8) that were
decdcified usng acid and acid/lEDTA combinations show the presence of an eosinophilic precipitate
(indicating an antemortem inault), blood in primarily the gpex and base of the cochlea (suggesting a
neura canal and CSF entry to the ear), loss of auditory neurons and metabolic tissues, and labyrinthine
collapse. These findings are congagtent with multiple pathologic conditions, including impulse trauma,

14



aging, and subarachnoid hemorrhage effects.  Acoudtic fat tissue from the Blainville's beaked whae
and one Cuvier's besked whale are being re-examined, and tissues are being processed for further
pathological examinations. Histologic analyses are underway on six additiond ears including ears from
three of the affected beaked whdes as well as from control specimens. Control specimens include ears
from besked whales that were single strandings, not associated with this event.

Discussion

The necropsy findings described above show that there were sgnificant cranid lesons among the
beaked whales in this event, but not in the ange delphinid. The findings suggest that some acoustic
or pressure event occurred that had characteristics especidly dgnificant or traumatic for these beaked
whde species. Based on the current medicd and experimenta data, the hemorrhagic patterns observed
in these animds can be found in the following etiologies: hirth trauma, spontaneous subarachnoid
hemorrhage and hyperemia, vedtibular atelectasis, diathetic disease (i.e, disseminated intravascular
coagulation and septicemia), direct or contact concussve trauma, auditory concussion from non-
impulse sources, sonic booms, baro-trauma, and concussve acoudtic trauma, particularly from blasts
or intense impulse events. Age of the dranded animas diminates birth trauma as a cause
Spontaneous subarachnoid hemorrhage is aso not likely due to the low probability that so many
anmas would be affected amultaneoudy. When diathetic diseases are present, there are usually
gonificant  concomitant hemorrhages noted in muitiple organ sysems ether as smdl or large
hemorrhages, which were not observed in these animds  Diathetic conditions, typicaly attributed to
termind Disseminated Intravascular Coagulation, have been seen in stranded marine mammals, but
are evidenced by multi-organ hemorrhages. However, whales and dolphins are known to have unusual
clotting mechanisms and this may or may not have played a role in the suite of injuries seen in this
invedigation. Some odontocetes are known to have an absence of Hageman's Factor (clotting factor
XIl) and Hetcher Factor activity (plasma Prekdlikrein) (Wash et a, 2001; Parry, 1993), and Se
whaes were noted to have prolonged partial thromboplagtin time with no detectable Factor XII, XI,
or Fletcher Factor (Saito et d., 1976 and Bosssart et d., 2001). Studies of hemostasis have not been
performed on beaked whaes, therefore, their clotting mechanisms are ill unknown. It is unknown
whether beaked whaes have amilar anomdies or other dotting differences and whether clotting
mechaniams or dysfunctions unique to besked whaes or cetaceans may have had a role in the
hemorrhages noted in these animads. Contact concussive injury was ruled out since there was no other
externd, internd, or subcutaneous evidence indicating blunt force contact trauma.  Contrecoup injuries
(leading to leptomeningeal hemorrhages) are possble with an animal struggling on the beach.
However, this type of injury has not been commonly observed in individud stranded marine mammals
nor in a group of stranded animds, and contrecoup is not adequate to explain the bilateral trauma
observed in some of these animas. Therefore, the most likely causes of the traumas seen are acoustic
or impulse injuries, however, technicdly the analyses to date cannot differentiate between far-field
blast effects and acoudtic induced injury from Sngle or multiple sources.  Acoustic monitoring reveaed
no explosions a the time of the strandings. Therefore, by deduction, it is reasonable to assume the
injuries were acoudticaly induced.

The combination of timing, location, species compodtion, and pathologies in this stranding event has
several important implications.  First, the good body condition, lack of chronic disease (in contrast to
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the spotted dolphin), and lack of externa hemorrhage or fractures suggest that these animds did not
die of a chronic or debilitating disease process nor of an acute blunt trauma such as a ship strike or
near-field blast. Blunt trauma was ruled out by the absence of superficid contusions or correlated
fractures. The acoustic record has ruled out a sudden blast event. Second, the presence and distribution
of intracochlear blood and subarachnoid hemorrhage in these animds is consgtent with a trandent,
intense pressure or acoustic event (but is not pathognomonic). Third, the observed bilatera
intracochlear blood and tempora region subarachnoid hemorrhage do not necessarily indicate
permanent hearing loss. Such pathologies are not necessarily fatd in terrestrid animds, however we
do not know what effects these would have on surviva in degp diving marine mammas.  While in
humans these lesons are often accompanied by panful headaches, they typicdly result in no
permanent hearing loss (Schukneckt, 1993). Similar, experimentaly-induced lesions in research animal
modeds aso reault in temporary rather than permanent hearing loss in the maority of animas (Reinis
et d, 1980) and not death. However, it must be noted that subarachnoid hemorrhage can be a serious
event and can lead to increased intracranial pressure and significant parenchymal damage and death
(Summer et d, 1995). The severity of the lesions is dependent on their duration, location, and size.
In addition, the effects of subarachnoid hemorrhage and intracochlear blood in degp diving mammas
or mammals with coagulopathies may be more profound than in terrestriad mammas.

The pathologic lesons indicaive of cardiovascular collapse and shock are common findings in
stranded animds.  Cetaceans are physiologicaly and morphologicaly adapted to live in an aguatic
environment with uniform digtribution of pressure over dl of ther body (Ridgway, 1972) providing
near-weightlessness.  The water environment aso provides a rgpid mechanism to disseminate body
heat. On land when stranded, cetaceans can overheat rapidly, particularly when they are sick or
feverish prior to stranding and may develop physiologica shock and cardiovascular collapse. These
types of lesions, which were found in the stranded beaked whaes, are likely to be the immediate cause
of death in this event, rather than death resulting directly from an impulse or pressure event. However,
the animds likdy stranded due to an acoudtic insult. That is, an acoustic event is presumed to be a
contributing factor to the observed trauma and subsequent stranding resulting in death of the animals.
Although the actual causal herrarchy or chain of events may never be known in this mass stranding
event, the evidence in the two freshest animals examined provides a plausible theory that the damage
and possibly stranding were initiated by an impulse or acoudtic event.

In summary, the gross examingtions of the beaked whales to date reved hemorrhages in the acoustic
fats of the head, the inner ears and some spaces around the brain with no evidence of externa blunt
force trauma or chronic debilitating disease. These results lead to a priminary finding of in vivo (in
the live animd) acoudtic or pressure related trauma.  Examinations of the more decomposed animas
reveded dmilar lesons but decompostion prohibited definitive interpretation. The numbers and
coincidence of the strandings combined with these conggtent interindividua necropsy findings suggest
a broad geographicaly didributed pressure related trauma.  However, we are continuing to examine
tissues to further understand and define the injuries. The pathologies in the two freshest animals are
conggtent with an auditory or impulse trauma event. In other animals (terrestrial) and humans this type
of impulse trauma event compromises hearing or the vestibular system, but is not immediately or
directly fad. A find report summarizing al the findings and conclusions is expected to be published
in early 2002.
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Table 2: Chronology of individual animal stranding in the March 15-16, 2001 mass stranding in the Bahamas (Sf = Spotted dolphin; Md = Blainville's beaked whale;

U = unidentified beaked whale; Zc = Cuvier’ s beaked whale).

Date Local NMFS | BMMS |Location Latitude |Longitude Condition Estage |Sex |Length Disposition Necropsy/
Time # # @ Report class (examined Samples
condition code)

31500 |7:00 S-13 1 Powell 2654.307 |-77.28974 Stranded immature F 5ft died during Yes/Yes
Cay, live rescue
Abaco (code 2)

31500 |7:30 Zc-6 2 Rocky 2559802 |-77.24.344 Stranded juvenile N/A  |est12ft  |pushed off No/Yes
Poaint, live
Abaco

31500 |[815 Zc-4 3 Sandy 2601079 |-77.24.150 Stranded sub-adult |N/A |est17ft |pushed off No
Poaint, live
Abaco

31500 |[835 Md-5 4 Sandy 2601271 |-77.24.049 Stranded young N/A |est14ft |pushed off No
Point, live adult
Abaco

31500 |1.00 |Md-3 5 Gorda 2605908 |-77.31.163 Stranded young N/A |est14ft |pushed off No/Yes
Cay, live adult
Abaco

31500 1200 |Zc-7 6 High 26.37 78.17 Stranded juvenile F 151t found dead No/Yes
Rock, G.B. live

31500 |1230 |U-1 8 Peterson 26.33 -78.31 Stranded adult N/A |est18ft |pushed off No
Cay, G.B. live

31500 |1230 |U-2 9 Peterson 26.33 -78.31 Stranded caf N/A  IN/A pushed off No
Cay, G.B. live

31500 |1430 |Zc9 10 Red Shank |26.28 -77.46 Stranded Adult M est18ft  |Swam away No
Cay, G.B. live

31500 |1430 |}Zc9b 11 Red Shank |26.28 -77.46 Stranded N/A N/A  |et18ft |Swamaway No
Cay, G.B. live

31500 |17:30 |Ba15 12 Royal 25.31 -76.49 Stranded Subadult |N/A |est21ft |pushed off No
Island, N. live
Eleuthera

31600 |9:30 Zc-8 15 Water Cay, [26.26.13 |-77.45.943 Dead- Sub-adult  [M 16ft found dead Yes/Yes
GB. code 3 (code 2)
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Date Local NMFS | BMMS |Location Latitude |Longitude Condition Estage |Sex |Length |Disposition Necropsy/
Time # # class (examined Samples
condition code)
31600 |1200 |Bal6 |7 Meek's 25.30 -76.47 Stranded adult N/A  |est27ft |pushed off No/No
Patch, N live
Eleuthera
316-00 |after |Zc-10 13 Gold Rock  |26.36 -78.22 Reported as |adult F 18ft found dead Yes/Yes
noon Creek, live (code 3)
G.B. stranding
316-00 |after |Zc-11 14 Gold Rock  |26.36 -78.22 Reported as |sub-adult [M 17 ft found dead Yes/Yes
noon Creek, live (code 3+)
G.B. stranding
316-00 |1:.00 Md-12 |16 Cross 2556447 |-77.16533 Reported juvenile M 111t found dead YedYes
Harbor dead (code 2)
Creek,
G.B.
Zc-14 17 Qd 26.35 -78.29 Reported N/A M 18ft found dead Yes/Yes
Freetown, dead (code 4)
G.B.

Condition codes: code 1 = alive; code 2 = fresh dead; code 3 = moderate decomposition; code 4 = advanced decomposition; code 5 = mummified/skeletal;

code 6 = dead condition unknown.
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Table 3: Investigatorsfor Specimen Analysis

Investigator

Sample

Analysis

Purpose

Status

Ruth Ewing, D.V.M
National Marine Fisheries Services

Formalin fixed samples from four whales

Histopathol ogy

Tissue examination to
identify disease processes
and cause of death.

Finalized initial, re-cut in
progress

Thomas Lipscomb, D.V.M ., Dipl.
A.C.V.P.
Armed Forces Institute of Pathology

Formalin fixed samples from four whales

Histopathol ogy

Tissue examination to
identify disease processes
and cause of death.

Finalized initial,
esubmission acoustic fats

Darlene K etten, Ph.D
Harvard Medical School
\Woods Hole Oceanographic I nstitute

Fresh frozen head from Mesoplodon (1) ag@omputerized

Ziphius (1); one spotted dolphin carcass,
formalin fixed ear samples from two
decomposed Ziphius; control ears

Bhadmography;
histopathology; 3-D
reconstruction

To determine morphology
and pathology of acoustic
tissues

ICT scans complete on 2
heads, 2 ears; histology
complete on 2 ears, pending
on 4 ears

Patricia Rosel, Ph.D.
National Oceanic Service, NOAA

Frozen and DM SO preserved skin (5 Zc aij@enetic analysis

1 Md)

To verify species and
determine familial stock.

Pending

Charles Potter
Smithsonian Institute

Frozen skull (4)

Skull morphometrics

To verify species, evaluate
general morphology

Pending flensing and
compl etion of Ketten work

Bill Walker, Ph.D.

Stomach contents (3)

Prey examination and
speciation

To evaluate diet for
comparison with known

Report finalized

beaked whales prey
Teeth (4) Growth layer groups |Estimate of age Teeth not extracted (2), teeth
Aleta Hohn, Ph.D. heed to be imported (2)
National Marine Fisheries Service Pending
Southeast Fisheries Science Center
Blubber (4) lipid type analyses; |body or nutritional conditiornfFinal report received.

Peggy Krahn, Ph.D.
Environmental Conservation Division
Northwest Fisheries Science Center

organochlorine
analyses

organochlorine tissue residu
studies

o
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mvestigator

Sampre

Analysis

FUrpose

oldlus

I[Murray Daily, Ph.D.
The Marine Mammal Center

Parasites

Parasite species
identification.

To identify parasite infection
type relative to other beaked
whal es

Pending

Glenn Sandberg, M .D.
Armed Forces Institute of Pathology

Brain tissue and meninges

Histolopathol ogy

Pathology of brain tissues fgReceived tissues, special

more detail on hemorrhage
and potential predisposing
causes

Stains pending

Sherman McCall, M.D.
Armed Forces Institute of Pathology

Brain tissue/lung tissue

RT-PCR

infectious diseases

Re d tissues Sept 2001,
eport pending 4 wks

Acknowledgments:

Greg Catchings, Angela Collins Payne, Dr. Roger Gentry, Caroline Good, Dr. Teri Rowles, Julianna Weir and Dr. Janet Whaley.

[lustrations:
[llugtrations by Dr. D.R. Ketten




Passive Acoustic Recording

On March 15, 2000, two NOAA acoustic recording stations were operating in areas that would have
detected intense acoudtic or pressure events originaing in the Bahamas region. NOAA analyzed the
records from these two dtes for 9gns of explosons, earthquakes, volcanic activity, or underwater
landdides coincident with the stranding.

The firg record analyzed was from the Tongue of the Ocean, approximately 100 miles south of the
dranding Ste. The array consisted of 12 hydrophones mounted on the bottom at about one mile depth
covering the frequency band from a few hundred Hz to about 45 kHz. Each hydrophone was sampled
once every 11 seconds and the spectral amplitudes were recorded. That is, the record was a time series
of spectral amplitudes, not a time series of sound pressure.  This procedure prevented the system from
adequately recording brief events, such as explosons, dthough it could have recorded longer lasting
earthquakes, underwater landdides, or volcanic eruptions.

Dr. John Proni, Atlantic Oceanographic and Meteorological Laboratory, Miami, andyzed the data from
March 15, and provided an andyss to the joint investigation team on June 5, 2000. This record showed
no evidence of geologica activity or explosons. Absence of evidence of an exploson was not
surprising, given the sampling procedure described above.

Dr. Christopher Fox, Pacific Marine Environmertal Laboratory, Newport, Oregon, made the second set
of recording usng 9x autonomous hydrophones in the mid-Atlantic ocean between 15° N and 35° N
latitude. The hydrophones recorded continuoudly in the frequency range 1-50 Hz, and were moored in
the oceanic sound channd, dlowing long-range detection of low-frequency events. The recorders stored
data interndly for a year and had to be retrieved to examine the record. Detailed information about the
recording array is available at www.pmel .nosa.gov/ventsacoustics.htm.

Records from March 2000 were retrieved from the array in March 2001. All hydrophones recorded
flawledy for the entire year. Dr. Fox examined the data for al natura or human activities that produced
intense, low frequency sounds from the Bahamas region during March 13-16, 2000 inclusve. The data
were examined at 1-second resolution usng standard time-frequency spectrograms. The spectrogram
display was synchronized such that sound everts from the Bahamas region (26.5° N and 77° W was used
as the genera location) appeared in line across the workgtation display and would be easily recognized.

Although numerous earthquakes were detected from around the Atlantic, and seismic airgun sounds were
detected from the Nova Scotia region, there was no indication of any unusual sources of low-frequency
acoudtic energy emandaing from the Bahamas region during the March 13-16 time period. This result
diminates the possibility that tissue damage observed in besked whales resulted from a distant explosion
or geologica event.
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Ship Movements and Acoustic Modédling*
Introduction

In cooperation with NOAA fisheries, as the agency invedtigating the stranding event, the U.S. Navy
undertook an investigation of possble sources of acoudic energy active a the time of the sranding
event. The Navy aso modeled the acoustic propagation characteritics of the environment to provide
information about the likely acoudtic exposure for animas in the Northeast and Northwest Providence
Channels during the time period of interest. See Glossary for a discussion of factors to be considered in
propagation.

Severd possble sources of acougtic energy were investigated, including noise from harbor and shordine
condruction, lightning, gunnery exercise, explodve noise such as (illegd) fishing activities, vessdl
traffic, oceanographic research, and nava exercises involving the use of standard, hull-mounted mid-
frequency range tacticd sonars. The search identified tacticad mid-range sonars as the most plausble
source of acoudic energy that met the necessary criteria of location, timing, and sound amplitude that
could have reasonably accounted for the widdy separated multiple strandings. The sound sources
involved, their usage pattern during the time of interest, and the propagation pattern of the sound in the
environment are detailed in the subsequent sections of this report. The results reported here are the
outcome of andyses by Navy underwater acoustics experts, with the results checked and augmented by
an externa review pand of independent experts from severa different research and academic inditutions
(see authorslisted at end).

Background

Throughout this paper the term deciBel (one tenth of a Bel) or dB will be frequently encountered. Please
see the Glossary for adiscussion of thisimportant unit.

Ship movements and sonars used. Active sonar (see Glossary for atutorial) is the best acoustic method
of detecting submerged submarines. However, proficiency at submarine detection is difficult to acquire
and mantan, so the Navy regularly exercises its forces in this task. Simulators are available for training,
but they do not fuly replicate the difficulty of detecting and tracking submarines at sea. Actud training
a sea is necessary to ensure effective deployment of active sonar in the detection of potentialy hogtile
submarines.  For several decades the Navy has conducted antisubmarine exercises in the idands near
Puerto Rico. But in March 2000 politica conditions a the Navy training range a Vieques, Puerto Rico
were not favorable, so the Navy was conducting some of its training exercises elsewhere. The Bahamas
were selected as an dternate Site,

During the period of interest, five U.S. Navy ships that were udng active sonar passed through the
Providence Channds in a generdly southeast to northwest direction. The exact tracks of four of the five
ships that were usng active sonar are plotted in Figures 4a-d. These ships, designated A, B, C, and D,
moved through the Providence Channels in two loosdy affiliated groups approximately four to six hours
apart. Ships B, C, and D traveled with the first group through the channel, and were present there from
about midnight (local time) on March 14 to about noon on March 15. Ship A was present in the channd,
in company with severa other U.S. Navy ships, from gpproximatey 6 AM on March 15, until aout 4PM
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on March 15.

Ships A and B operated the tactica mid-range frequency AN/SQS-53C, and Ships C and D operated the
tactical mid-range frequency AN/SQS-56 sonar. These two types of sonar are designed to emit sounds
that will be reflected by nearby submarines and thus detected by the searching ship's ligening sonar
sensors. Similar sonar systems are stlandard operating equipment on board many vessels throughout the
world's navies, and are generdly referred to as tactical mid-range sonar systems to distinguish them from
navigationa sonar systems, fish finding sonar systems, etc.

Characteristics of individud ggnals and signal sets. The AN/SQS-53C sonar operated at center
frequencies of 2.6 and 3.3 kHz. For the most part, ships A and B operated their respective 53C sonar
sysems a a nomind source levd of 235 dB, except for a period of gpproximately four hours on the
morning of March 15 when ship B operated its sonar system at a source leve greater than 235 dB (the
exact level is classfied and cannot be stated here, athough it was used to produce the model run in
Figure 5¢). The AN/SQS-56 sonar operated at center frequencies of 6.8, 7.5, and 8.2 kHz at a homina
source leve of 223 dB. Since the bandwidths of dl signds did not exceed 100 Hz, these can be
considered very narrow bandwidth sgnas, and ther propagation through the water column was modeled
at the center frequency (Figures 5a-d).

Tacticad mid-frequency range sonar systems are capable of producing a variety of waveforms, each
designed for specific tasks. For example, narrow band, constant frequency signas (CW) are good for
detecting movement (Doppler effects) but are rdatively ineffective where environmenta reverberaion
(sound reflection) is prevdent. On the other hand, signas that sweep quickly up or down in frequency
(Frequency Modulated or FM sgnas) work wel in reverberant environments, but don't detect movement
as wel. As a consequence, tacticd mid-range sonars often emit severd different signds in rapid
sequence before waiting some time to listen to the returning echoes of the different dgnds. In this
particular exercise, the first 53C sonar (Ship B) emitted a series of three half-second signas (or pings)
during atwo second ping cycle, followed by a 24 second silent period. The slent period is a function
of how far the sonar is "looking." In this scenario the sonars were generaly looking about 20,000 yards
away (18.3 km) and the interval between looks was therefore 24 seconds. The second 53C sonar (Ship
A) emitted one second, one and a hdf second, and two-second ping series asit passed through successve
thirds of its passage. These details are captured in the cumulative ping-seconds figures presented in
Figure 5¢-d. (See Glossary for adiscussion of ping-second).

Shape of the emitted sonar beams. These sonars are actually an array of severa individual sound sources
aranged in a curved geomelry. By operating the individual sources in precise timing relative to each
other it is possible to produce a beam of sound that does not project equdly in dl directions. In the SQS-
56 sonar the sound beam was emitted in a verticaly flat direction, or pardle to the surface, at a depth
of 20 feet (6.1 meters) with a vertica beam width of about 30 degrees (15 degrees up and down from a
plane at 20 feet depth). The actud process of beam forming is more complicated than this, but for the
purposes of this discusson, the characterization is suffidently accurate to enable us to visudize the
resulting projected acoustic energy. The SQS-53C sonars form a vertical beam in the same manner as
the 56 sonars. But in the 53C the beam was steered about 3 degrees vertically down, with the depth of
the source at 26 feet (7.9 meters). Since the breadth of the beam is a function of sgna frequency the
reaively lower frequency of the 53C reaults in a broader beam of about 40 degrees (versus the 30
degrees of the 56 sonar). In very rough sess the pitching of the ship can affect the vertical orientation
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of the sonar beam rddive to the surface, but during this time period the seas were cam, with wave
heights of 2-3 feet (0.6-0.9 meters), and the sonar beam was assumed to be unaffected by ship mation.

The SQS-56 sonar is omni-directiond in the horizontal plane, meaning that sound was radiated equally
in dl horizontal directions (360 degrees). Think of a disk of sound 30 degrees tall verticaly, but
extending equaly in dl horizontal directions around the ship. The disk is quickly "warped” by the sound
propagating characterigtics of the environment, but the idea of a disk of sound is helpful in thinking about
the initid radiation of sound from the sonar source. The 53C sonar can aso radiate sound in al directions
in the horizonta plane like the 56 sonar, but may aso emit sound in a 120-degree arc in front of the ship.
That arc can be steered from sde to side, but is typicaly centered in the direction of travel of the ship.
In the example of Ship B, which emitted three pings (CW-FM-CW) in rapid successon over two
seconds, the firgt two pings were 120 degree beams and the last ping was omni-directional. Again, these
details are captured in the cumulative ping-seconds shown in Figure 5¢-d.

For the sound field modding exercise, the sound field was not caculated for the entire 120 or 360-degree
fied, but sample fidds were calculated for selected directions and the sound fidd was interpolated for
the areas in between. For the 120-degree beams the sound propagation was calculated in three directions,
draight ahead in the center of the beam, and 60 degrees on ether Sde of center. The sound propagation
for the SQS-56 sonars and the 53C in omni mode was omni-directiona, so propagation was calculated
in four cardina directions of 0, 90, 180 and 270 degrees, independent of the direction of travel (see
Figures 4a-d).

Sgnd Amplitude. The nomina source level (in terms of sound pressure level or SPL) produced by the
AN/SQS-56 sonars was 223 dB referenced to 1 micro Pasca at one meter distance from the nomina
source point. The shorthand expresson of this measurement is sometimes written as 223 dB//micro
Pascal (SPL). All numericd expressons of dB used in this paper will be //micro Pascad (SPL), unless
otherwise stated.

The nomina source level of the AN/SQS-53C sonars was 235 dB, with two exceptions. The first is a
decrease to 225 dB for that portion of Ship A's track darting at 1630Z (1130 loca time) until the ship
exited the Providence Channels about 3-4 hours later. The second exception is an increase to a leve
greater than 235 dB by Ship B for a four-hour period from approximately 1100-1500Z (0600-1000 local
time). (The exact leve is classified and may not be reported here. However, modelers used the correct
vaue in thar model runs, and the results are shown in Figure 5¢). The cumulative ping seconds illustrate
these changes grephicdly as reduced or increased sound fieds with changes in source level (see Figures
5a-d.)

In redlity sonars may fal to achieve the nomind maximum due to hull fouling, equipment aging or other
mechanica factors. But since no cdibration measurements were made of actud source levels during the
exercise, the modeers had to assume that the sonars were operating at the highest stated levels they were
capable of attaining at the specified setting.  Actua source levels could have been lower than the nomina
level used in the modd, but would not have been higher.

The nomind source level is a cdculated leve that trandates the complex array output into a smplified
expression of a gngle point source. Although no single source within the array ever atans the nomind
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amplitude, and there is no actua physica point where the nomina sound leve is reached, for the sake
of amplicity the output can be characterized as if a 9nge point source at the center of the array and
operating at the nomind source level had produced it. In other words, an array operated at a nominal
level of 235 dB does not in fact attain 235 dB in any place, but the sound propagates as if it were
generated by a single point source at 235 dB.

Rise time. Sounds that rise very rapidly to high amplitude (have a fast rise time) can duplicate the effects
of irregular impulsive sounds like explosons, thunder, ar gun pulses, or seismic activity. The potential
for impulse noise effects from sonars with rapid rise times needs to be consdered in an andyss of
potential physiological effects from exposure to sonars. (See Glossary for a further discusson of rise
time).

Effects of Multiple Sound Sources. No two sonars were operated at the same frequency, in the same
area, a the same time. To do so would only create confusion for the sonar operators in each ship
ligening for their own return echoes. In the exercise carried out in the Bahamas the sonars did not
operate a the same frequencies, and sSmilar sonars were operated at significant tempora and spatia
separations; therefore, the potentid for even a very smdl temporaly and spatidly confined increase in
sound pressure from multiple sonar operations is not a congideration.

It is ingtructive, however, to consder the possible consequences of two sonars operating a the same
frequency in the same time and space, in order to better understand how cumulative sound energy would
affect the recelved pressure leve at a receiver (such as awhae or recelving sonar). If the two ships were
operating at the same frequency, and if the leves received from each sonar were within 10 dB of each
other (e.g. 152 and 160 dB), a locdized increase could be produced for a brief time. The rule of thumb,
which can be vdidated by carrying out the cdculeions, is that if the received levels are within 0 to 1 dB,
the resultant perceived level would increase by 3 dB. If the recaived leves differ by 2 to 3 dB, the
resultant perceived level would increase by 2 dB. If the received levels differ by 4 to 9 dB, the resultant
perceived level would increase by 1 dB. If the difference in the received levels is 10 dB or grester the
resulting perceived difference in the received leve is less than 1 dB. The small difference attainable
under these very limited circumstances may surprise readers not familiar with acoustics, but can be better
appreciated if one keeps in mind that sound is actualy a cydic wave of pressure increase and therefore
the pressure from both sources mugt be in phase (both over average pressure or both under average
pressure) at the exact same time and place. Also, the decibel scae is a ratio, not an absolute measure,
and it is expressed on a logarithmic scale (meaning that 3 dB is equd to a doubling of the ratio between
absolute and reference pressure, while 10 dB is a tenfold difference and 20 dB is a 100-fold difference).
A sound that is 10 dB lower than another would only add ten percent to the total signal, resulting in a
maximum 0.1 dB change in the tota amplitude whereas two sounds of equal amplitude could result in
adoubling of total amplitude if perfectly in phase (a 3 dB increase).

Sound Propagation Modeling Parameter s

Sources of data, summary of results. Characterizations of physical parameters during the exercise were
derived from one expendable bathythermograph (XBT), a device that measures temperature versus depth
as it descends in the water column. The modeled sound field propagation is based on this sngle profile
of the water column taken during the trangit of the U.S. Navy ships on 15 March, plus archived data sets
for the Providence Channels obtained from the U.S. Navy Oceanographic Office (NAVOCEANO) and
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other sources. Since historical data for the same time period closdly resembled the profile obtained on
March 15, 2000, it increases our confidence tha the inputs to the modds have captured the actud
conditions during the exercise.

The impact of individud and combined varigbles on overal propagation was modeled for a variety of
plausble scenarios so that the potentia impact of uncertainly in a given factor, such as surface roughness,
could be quantified (sengtivity andyss). Generdly spesking, sound propagation was most strongly
affected by the sound velocity profile of the water column, which was wel documented by on-site and
higoricad databases for the area. Other varidbles affected sound propagation very little, and usudly in
a manner that reduced sound propagation. The basis for these generdizations is explained in grester
detall in the following sections.

Sound Speed Profile. The XBT data, and archived NAVOCEANO data consistently show an evenly
mixed upper layer of near constant temperature. In terms of sound speed profiles this means that sound
speed increases smoothly with depth (pressure). This is a common winter-spring condition in many parts
of the world, and it results in a near-surface ducting of sound due to the increasing speed of sound with
depth. As sound goes deeper, the increasing speed of the sound causes it to deflect back up toward the
surface, where it is reflected back into the duct, with some loss to the air-water interface. Relatively little
acoudtic energy leaves the duct and enters deeper water, so the propagation characteristics of deeper
water and the absorptivity or reflectivity of the bottom substrate are of rdatively minor importance in
determining the main route of sound propagation within the channel. All oceanographic models used
during the andyss (Fromm and McEachern, 2000) produced a duct about 150 to 200 meters thick for
the frequencies of interest, and the duct was very even throughout the channel, from near shore to the
center of the channd. The main effect of differences in duct thickness would be a dight shift in the range
or depth of loudness pesks or troughs, but little effect on the maximum and mean sound pressure level
on the scade of kilometers or miles. In other words, actud sound field measurements, if they had been
measured, would have shown litle deviation from the models, even if duct thickness varied within the
roughly 50-100 meter thickness predicted, or if duct thickness were more regiondly variable within the
Providence Channels.

Absorption. Some acoustic energy is lost to absorption as the sound travels. Most of this absorption is
due to the acoudic energy being cornverted to mechanica energy in the flexion of certan molecules
dissolved in seawater, such as magnesum sulfate and boric acid (Urick, 1983). The amount of
absorption typicaly increases with increesng source frequency. The amount of absorption is dso a
function of the temperature, sdinity and acidity (pH) of the water. Good data existed for sdinity and
temperature in the area, and pH was assumed to be 8. The pH of seawater does not vary much, and
sengtivity andyds of the effects of dtering the pH vaue indicated that error in the sdection of pH vaue
would have induced an error of less than 5% in the mode outcome, which is wdl within the uncertainty
of the modd itsdlf.

Sea Surface Roughness. It is probably somewhat intuitive to understand why a flat smooth water surface
will better reflect sound back into the duct than a rough surface, much as a smooth surface acts as a better
reflector of light than a rough surface. This subject has been well studied and there are well-accepted
formulae for cdculaing the effect of surface roughness on sound propagation. The Providence Channel
is farly wdl protected from open ocean swells, and weather conditions during the period of interest were
mild, with wave heghts of 2-3 feet. Such conditions yield propagation results little different from a
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perfectly fla surface for these sonar frequencies. Any effect of increasing surface roughness and wave
height would have reduced the predicted propagation distances.

Bubbles. Air bubbles entrapped in the water column most commonly occur near the surface as a
consequence of wave action. Bubbles reduce sound transmission by scattering and absorbing sound, with
the effect on different sound frequencies being a function of bubble size. Bubbles aso reduce effective
sound speed at lower frequencies. All of these effects would result in a reduction of sound propagation.
Since dl records indicate cdm seas and excelent propagation conditions, it was assumed that there was
no significant reduction of sound propagation from bubbles in the water.

Biologicd scatterers.  The swim bladders of fishes, smilar gasfilled spaces in some marine
invertebrates, and the carapaces of zooplankton can dl contribute to scattering of sound, and reduced
propagation. Since their effect is to reduce sound propagation, the worst case-modding scenario
assumed no biological scatterers, and therefore no reduction in sound propagation. Most scatterers tend
to verticaly migrate over the course of the day, from near surface a night to the lower limits of the
photic zone during the day (severa hundred meters deep in this region). Therefore, the surface duct area
probably contained very few biologicd scatterers during the daylight portion of the exercise, which
would aso bolster an argument for not assuming that there was any attenuation of the sound by
biologica scattering.

Bottom type. Since most of the radiated energy from the sonars went into the surface duct, only a small

part of the radiated energy projected downward at sufficiently steep angles would escape the duct and

have interacted with deep water and the bottom. The thick, gSlty sediment a the bottom of the
Providence Channds is highly absorptive and litle energy would have been re-radiated into the duct
from sound reflected off the bottom. Altering the model by replacing the actud sediment type with a
more reflective bottom materia such as sand dill did not produce an gppreciable re-introduction of sound

into the duct from bottom-reflection.

Internal Waves. Internad waves can be induced by tidd water movements, current flow between different
masses of water, and other effects. Generdly their effect is observed in scattering in the sound field, but
with mogt of the sound energy contained in the surface duct, the main effect of interna waves in this
context would be to dter the thickness of the surface duct. Because the water column was so evenly
mixed, interna waves were probably not present. Neverthdess, severa modeling scenarios were tried
without any appreciable impact on the sound pressure levels observed in the surface duct.

Combined effects. The propagation modds were dso run with combinations of dl of the above
environmental features. Since these features tend to increase scattering and absorption, their combined
effect was even greater transmission loss than any other scenario. For that reason, results discussed
below and presented in Figure 5a-d, did not include the potential for increased scattering and absorption
from bubbles, biologica scatterers, and interna waves.

Propagation Modeling

Several methods were used to mode the propagation of acoustic energy through the water. The smplest
models assume spherica spreading around the source in dl directions until sufficient disruption of linear
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propagation is encountered, such as bottom reflection or a surface duct. From the point where spherical
spreading is no longer an appropriate modd, a smple cylindricad spreading modd is used, and sound is
assumed to be equdly loud from the top to the bottom of the cylinder (Urick, 1983; Richardson et d,
1995). Using the modeled parameters of duct strength and thickness, the smple spherical-cylindrica
spreading mode produced results very smilar to more sophisticated models, as might be expected in this
wel-mixed environment. Since no one acoustic mode routinely and directly accounts for dl the
environmental processes that can potentialy affect propagation, severa different types of models were
run. These included RAM, a parabolic equation moded (Collins, 1993, 1995); CASS/GRAB, a ray-based
propagation model (Weinberg and Keenan, 1996); KRAKEN, a norma mode moded (Porter, 1995); and
OASES, a wave number integration model (Schmidt, 1997). All models ddivered very smilar results,
further reinforcing our confidence in the results.

Model Results

56 Sonars (Ships C and D). The horizontaly omni directiond signa of the 56 sonars, operated a a
nomind source leve of 223 dB and dropped below 180 dB within a range of 300 meters of the source.

Due to the vertical beam pattern and the sound propagation conditions, there was virtually no radiation
of sound exceeding 180 dB below the surface duct. Again, it is important to iterate that the selection here
of 180 dB is an arhitrary received level used only to illustrate the scale of the sound fidld; it is not meant

to imply any special sgnificance of the 180 dB levd. One could refer to the range at which the received

level drops to 200, 160, 118.3 or 100 dB. The selection of 180 dB provides a levd that is sufficiently

far from the ship to convey a meaningful distance, but not so far that the sound field more often than not

fdls below basdine ambient leves or hits shore within the confined spaces of the Channd before
reaching the specified level (aswould be the case if levelslike 120 or 110 dB were used).

53C Sonars (Ships A and B). For the 53C sonars operated at 235 dB nomind source levd, the maximum
range at which 180 dB might have been received was 1,000 meters (1 km) in the surface duct. As was
the case for the 56 sonars, the 53C sonars operated at 235 dB did not radiate sound pressure levels above
180 dB below the surface duct. The radiated sound pressure leves fdl below 160 dB at an average range
of 34 kilometers within the duct, and 10 kilometers below the duct.

For the one 53C sonar that was operated a a nomina source level of greater than 235 dB for four hours,
the range a which the sound pressure leve fdl below 180 dB was 5 km in the duct and 1.4 km below
the duct. The ranges a which SPL fell to 160 dB were 50 km in the surface duct and 29.1 km below the
duct. Modd results were carried to levels below 160 dB, but for smplicity results have been discussed
at two smple benchmark levels of 180 and 160 dB. The selection of these two values for discussion is
not intended to imply any biologica sgnificance; the reader is again reminded to keegp an open mind
about what level of received sound pressure might be biologicdly rdevant in this stranding event. It may
be tempting to focus on the unique four hour period when source levels were higher than a other times,
and atempt to corrdlate al srandings with this one period. However, the spatia and tempora
relaionship between this period of higher source levels and the individua strandings is not good. Also,
the uncertainty about the time span between when an anima may have been ensonified and when it was
finaly observed as stranded does not enable us to speculate too precisely about when and to what extent
animas may have been ensonified.

Cumulaive Sound Exposure. These results are an expansion of the data presented in Fromm and
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McEachern (2000). The discussons of sonar operaing parameters and environmental conditions,
itemized in the preceding pages, combine to generate a complex, tempordly changing scenario of
variance in ping frequencies, amplitudes, ship movements, and sound propagation fields. Perhaps the
best way to capture this complex scenario in a dngle snagpshot is to map cumulative ping-seconds
(Figures 5a-d). Reaults are presented only for the two ships operating 53C sonars, since their louder
source leves rddive to the 56 sonars give them a larger footprint than the 56 sonars would have shown.

The reader should also remain aware that the mapped data are the worst case levds taken at the depth
where sound pressure level was greatest (usualy around 15 meters depth within the duct). For animas
moving both verticaly and horizontaly within this fidd, the cumulative exposure would be a function
of time spent in quieter regimes verticdly or horizontdly outsde these maximum leves, since it is not
redidic to assume that an anima would remain in one place long enough to receive the full duration of
exposure a one point on the map. At the risk of sacrificing accuracy for ease of comprehension, the
amplest characterization of the ping-seconds display is tha it represents the maximum exposure that
could have occurred for a receiver remaining within the duct (without surfacing or diving intervas) at
a given locdity. Further interpretation of the biologicd significance of these ping-second maps would
require a good understanding of the 3-D geometry of the sound fidds, as well as the 3-D movements of
anmds within the sound fidd. Currently avaladle integrative modding tools, like the Acoudic
Integration Model (AIM) (Ellison, unpublished) would enable the sound fields discussed above to be
populated with modeled animas based on published data concerning local abundance, habitat use, diving
and behaviora patterns.  Plausble sound exposure regimes could thus be generated as an ad to
discussons about the range of plausble exposure scenarios, maximum exposures, and cumulative
exposures for animals that stranded and/or experienced physiologica damage

* This report was abstracted from a longer report (Fromm and McEachern, 2000) for which the
contributing authors were:

Dr. James F. McEachern. Office of Naval Research
Dr. David Fromm. Naval Research Laboratory

Also, the following externd reviewers reviewed the Find Report:

Dr. Gerad D Spain. Scripps Ingtitute of Oceanography, Marine Physics Laboratory
Dr. William Kuperman. Scripps Indtitute of Oceanography, Marine Physics Laboratory
Dr. Jm Miller. Universty of Rhode Idand

Dr. Henrik Schmidt. Massachusetts Indtitute of Technology
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Figure4d. Track of ship D (56 sonar), showing times (Zulu) and vectors where sound field modeling was performed.
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Figureb5a. Ship A (53Csonarinthesecond group). Thisfigureillustratesthe cumul ative ping-secondsat level sabove 160dB
produced by this ship during its transit of the Providence Channel.



Figure 5h. Ship A (53C sonar in the second group). This figure illustrates the cumulative ping-seconds at levels above
180dB produced by this ship during itstransit of the Providence Channel.
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Figure5c. Ship B (53C sonarinthefirst group). Thisfigureillustrates the cumulative ping-seconds at levels above 160dB
produced by this ship during its transit of the Providence Channel.



Figure 5d. Ship B (53C sonar in thefirst group). Thisfigureillustrates the cumulative ping-seconds at levels above
180dB produced by this ship during itstransit of the Providence Channel.
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Follow-up Research Actions
Background

Despite the rdaivey detalled information we have on human activities in the vicinity of the strandings,
and despite the detall and qudity of data obtained from the stranded animds, there are sill many
unanswered questions about the stranding and its causes. From the coincidence of strandings and sonar
use in both time and geography, and from the nature of the observed physiologica effects, the
investigation team concludes that tactical mid-range frequency sonars aboard U.S. Navy ships were the
most plausble sound source involved in this strandings. However, this sound source acted within a set
of environmental factors that induded the sound propagation characteristics present at the time, the
underwater bathymetry, a congtricted channel with limited egress avenues, and the presence of beaked
whales that appear to be sendtive to the frequencies projected by tactical mid-range frequency sonar.
Focusing on the interplay between the sound source and these environmenta factors is much more likely
to reduce future strandings than focusing on the sound source as the sole cause.

The following lig of proposed research actions was prepared by Dr. Robert Gisiner, Marine Mammal
Science and Technology (S&T) Program Manager for the Office of Naval Research, at the request of
the Navy team collaborating with NOAA Fisheries in the dranding invedtigation. The list is based on
smilar research solutions to related problems, solutions developed over the past five to seven years
under funding by the Office of Naval Research. Additional useful guidance was received from the
Nationa Research Council pand on the Effects of Low Frequency Sound on Marine Mammas
(Nationa Research Council, 2000), and an externa review of the ONR Marine Mammal S& T program
held on July 2000 (unpublished).

Wherever possible, these suggested actions have dready been started by redirecting funding and
research effort that had been devoted to closdly related tasks. Other actions are ill in the planning
stages, awaiting concurrence from the stranding review team and the scientific professona community,
or in some cases awating completion of forma proposal preparation, gpprova of requidite permits and
authorizations, and funding.

The proposed research actions are presented in teems of how they will hdp clear up existing
uncertainties about the causa relationships between sonar sound and the observed circumstances of the
March 15, 2000 dranding event. We do not clam that this is an exhaudtive lig of the possble actions
that might be taken to clear up remaining questions about causal mechanisms of the strandings, and
welcome suggestions for possible actions that might have been overlooked.

Problem Statement

Because at least some of the besked whales stranded had physiologica problems that were likely
associated with sound exposure, we need to invedigete the entire range of potential effects of sound,
from physicdly injurious effects to conditions of mild behaviora response. Since we cannot be sure
that the physcad symptoms were necessary to cause the behavioral act of Stranding, it is important
during the follow-up invedigations to not assume that because one phenomenon has been investigated
and explained, that the other problem is necessarily dso solved. The proposed research actions are
therefore arranged in approximate order of severity of effects investigated. The list concludes with those
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research actions amed a applying to predictive modds that informetion gained in the studies of
physologicd and behaviord effects. The ultimate goa of the suite of research actions is to avoid the
concurrence of circumstances that led to the 15 March stranding event.

Emphads on beaked whaes does not imply that the team ignores the presence of Minke whaes in this
event. No data exig on Minke whae hearing ability, or on the pathway by which sound reaches their
ears and brain. Research into the responses of Minke whales to sonar will have to begin with these basic
guestions. No more sophisticated questions are possible, given the present state of knowledge.

Proposed Resear ch Efforts

Physca Injury. While it may not be possble to safdly and humandly test the conditions that lead to
physica injury of live animads an experimental protocol has been developed to test for blast damage
effects on dead specimens, and it can be adapted to look for injurious effects of sonar sound (Ketten,
unpubl.). The procedure makes use of dead anima specimens obtained by the Nationa Marine
Fisheries Service Stranding Networks. The Nationd Marine Fisheries Service maintains the Nationd
Marine Mamma Tissue Databank in which tissue samples and andlyses are catalogued from dead beach
cast marine mammas, or marine mammds that were accidentdly killed incidental to permitted fishing
or other activities, and are made available for research to ad in the conservation and recovery of these
protected species. If the specimens are freshly dead, and are properly preserved, many mechanical
properties of tissues remain functiona for periods after desth and can offer vauable ingghts into the
same processes in live animals, but without placing live animds at risk of injury. This is the gpproach
that has been adopted by Dr. Darlene Ketten of the Woods Hole Oceanographic Inditution, under
funding by ONR, and other partners, including the Chief of Naval Operations (CNO N45). This
approach to investigating the injurious effects of underwater explosions has been endorsed by over six
leading environmenta and humane organizations.

Modifications to the explosives tesing procedure that would alow us to test specifically for sonar
effects on beaked whales are detailed in this paragraph.  As they become available, specimens of beaked
whaes from the National Marine Mamma Tissue Databank would be given an intact test for anatomical
integrity (CT scan) and then be instrumented to record the received energy from a 53C sonar placed in
vaying degrees of proximity to the specimen and operated with the same parameters used in the
Bahamas exercise. Following sound exposure, the intact specimen would be removed from the water,
CT scanned again and subjected to a fine scde dissection, with follow-up analyses of tissue damage as
developed for the blast damage sudy, induding examination of the inner ear for fine scale damage not
reedily observed in standard examinations.

The test would be done in an enclosed body of water (a lake), using the same 53C sonar found on U.S.
Navy ships, and the initid test waveforms will be the same waveforms used during the Bahamas
exercise.  Subsequent testing with different waveforms will dlow us to determine how specific the
injuries observed in the Bahameas are rdative to a particular frequency or waveform. The anticipated
outcome would be a set of loudness, frequency structure, duration and other acoustic parameters that
could be used to establish sound usage guiddlines for safe sonar operation in the vicinity of besked
whales.

Additiondly, studies with human subjects and laboratory animds may offer insghts relevant to this
issue. Since 1994, the Office of Naval Research, the Nava Submarine Medica Research Laboratory,
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and other partners in the Navy and in the academic research community have conducted research on
possble effects of sonar sounds on human divers. These studies have included examinations of lung
resonance effects (Rogers et a, 1996), rectified diffuson of hyperbaric gases into the bloodstream
(Crum and Mao, 1996), and vibrotactile effects (Veillo et d, 1996). Ongoing dudies incude
invedtigations of effects of sounds between 500 and 2500 Hz frequency on the psychologica state and
vedibular system of divers with differing levels of diving experience, and studies of tissue resonance
(lung and skull) in pigs and humans (cadaver studies). Results from such studies can be integrated with
research conducted directly on marine mamma specimens to develop predictive modds for effects that
scale with size or tissue properties (dendity, shape, dadticity, etc.), or effects that may be unique to a
sngle taxonomic group's anatomy and physology.

Hearing Safety Tedting. Under funding by the Office of Nava Research, a number of investigators have
developed protocols for safe hearing testing of trained maine mammas. Research efforts have ranged
from assessments of the threshold of audibility up to safely recoverable temporary partia reductions in
auditory sengtivity (Temporary Threshold Shift or TTS). At the highest safe exposure levels, sounds
can induce a temporary decrease in the ear’s ability to detect sound, but the temporary decrease lasts
only for a few minutes or hours and ful recovery is made to normal hearing levels. This is the same
phenomenon, sometimes called The Rock Concert Effect, experienced by people, often many times in
thar lives The affected individud experiences a sense of reduced hearing ability for a short time,
followed by ful recovery. Criteria for research protocols with marine mammal participation in such
studies requires establishment of norma basdine hearing ability before entering testing, and a ful return
to those levels before each subsequent test.

At sound amplitudes between the threshold of audibility and TTS, the experimental protocols aso
produce other indicators of relative loudness, such as changes in response time (louder sounds usualy
didt a more rapid response) or dgns that the sound is becoming behaviordly aversve, such as
interrupting the testing sequence or vocdizing. These data are assembled to generate a scale of
increesing loudness that can be applied to other more genera contexts, but without placing any animas
a risk of permanent partiad or total hearing loss. The results of such experiments form an important
complement to the experiments described above and below, since the Hearing Safety Tests should
produce vaues below those found to cause injury, and behaviord reaction from wild animals in the field
should occur above the threshold of audibility, but below levels high enough to induce TTS or
behaviord reactions from trained animas familiar with the sounds and testing protocol.

The experimenta protocol designed to assess hearing safety thresholds for tactica mid-range sonars was
developed by Dr. Ridgway of the Navy Marine Mamma Program in San Diego (e.g. see Schlundt et
d, 2000). The proposed research is an adaptation of an experimental protocol that has been safely used
for over five years to test hearing safety threshold for a variety of other pure tone and impulse sound
ggnds A ship-mounted 53C sonar has replaced the fixed tone generator used in previous experiments.
The required range between sonar and test enclosure in order to produce specified sound levels has been
measured, and testing of waveforms identical to those used in the Bahamas began in July 2001. The
work is beng caried out by Dr. Sam Ridgway and his colleagues a the Navy Marine Mamma
Research Program fadilities in San Diego, Cdifornia, under funding from the Office of Naval Research
and Chief of Naval Operations (CNO N45). All appropriate animal care and use protocols have been
reviewed and approved, and the facility is AAALAC cetified and ingpected regularly by both the
USDA Agriculturd Plant and Hedlth Inspection Service (APHIS) and National Marine Fisheries
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Savice.

Although the Hearing Safety Testing sudies are necessarily carried out with animas commonly held
for research (bottlenose dolphins, beluga whaes and Cdifornia sea lions), and not with besked whales,
the reaults are dill vaduable for determining beaked whale safety standards. At present we do not know
if the combinaion of mid-range tacticad sonar and unique environmenta factors is risky for besked
whales or for other species as wdl. If dolphins and beluga whaes show no difference in their response
to the sonar sounds rdldive to other sounds they’ ve aready experienced, and if the other research results
made directly with beaked whaes (see preceding and following sections) show lower thresholds than
predicted by the Hearing Safety Testing with other species, then we can safely assume that the problem
is soecific to beaked whaes. However, if the dolphins and beluga whaes show greater sengitivity to
the sonar Sgnds than to other sounds, then we would know that there is something specific to the sonar
ggnd itsdf that is problematic.

Behaviora Effects Studies. The Office of Nava Research and other reviewers have expressed
preference for Controlled Exposure Experiments (CEE), in which the researcher controls the level and
duration of exposure, versus research protocols that attempt to observe two differing acoustic regimes
(e.g. a noisy port area and a quiet bay). The latter approach, often referred to as a Comparative
Observationd Study (COS), lacks control over the noise experienced by the animas, and other variables
beyond the control of the observer, but which could mask effects due to noise alone, such as differences
in water quality, food resources, and socid conditions.

There are severa disinct advantages to the CEE procedure beside the most important feature; being able
to control exposure and thus prevent potentidly strongly aversive or injurious exposures. CEE also
dlows the researcher to establish better qudity basdine behaviord data usng the same anima in the
same habitat as both control and experimenta subject, thus controlling for variables other than noise
that might srongly affect observed differences in behavior. A highly desirable consequence of this
aspect of CEE is that it increases the datisticd power of smdl samples sizes, thus reducing the totd
amount of teding required to produce daidicaly dgnificat results. Finally CEE is better able to
employ control procedures that prevent observer knowledge of the test regime from biasing results.
Control of sound on-off, and collection of observational data can be conducted by two independent
parties with the result that observers are not necessarily cued by co-variables of an uncontrolled source,
such as detection of the presence of a ship, or acoustic and visua evidence of sound production by an
uncontrolled source. In CEE, dl the outward trappings of sound production can be smulated, without
introducing sound, or the test director can initite a fase pogtive trid by tdling observers the sound
is on when it is not, thus controlling for observer biases that are an unavoidable consequence of
uncontrolled observationa data collection.

The standard CEE protocol starts with sound exposures so low they are a or near the threshold of
audibility (thus providing independent confirmation of results of Hearing Safety Teding, described
above). Subsequent exposures are increased by smal increments until the first sgns of behaviord
averson are detected, a which time testing can be immediately stopped. In a case like the Bahamas
drandings, where the behaviora stages of response to the sonar signds are unknown, one has to be
concerned about the posshility that the beaching response might be a rather sudden escalation of
behaviord response that could pass quickly from rdaively mild response to strongly aversve flight,
thus placing the subject at risk of dranding if near shore. The safest protocol for CEE would therefore
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be to test far from shore so that flight response does not pose arisk of beaching.

The CEE technique is wel known in the research community, and there are many research professonals
capable of doing this work properly and safely (eg. see Croll et ad, 2001; Miller et a., 2000). At
present, no proposal to do this work has been generated or funded. As with any research project
invalving protected marine life, appropriate permits would need to be obtained before the work could
be funded and begun. Since this is a highly sengtive issue, it would be reasonable to expect a greater
than usud interest from the nonscientific community, and their input to the action would be essential
for acceptance and application of the results.

Given the context issues described above, establishing redigtic, meaningful behaviord safety thresholds
for beaked whdes is perhgps more important than dmost anything else that can be done to understand
the cause of the March 2000 strandings and prevent a recurrence of dmilar events in the Bahamas or
elsawhere. At present we do not know if the behavior leading to stranding is a consequence only of very
loud, injurious sounds, or if it is completely independent of the injurious effects and could occur even
a reativey low levds of sound that would produce no physicd effects at dl. We dso do not know if
the behaviord response by beaked whaes to unfamiliar sound tends to dlicit a behaviora response that
is maadaptive for this particular context. Examples of behaviors that might have increased risk of
unsafe exposure include approaching the sound, or remaining in the surface duct ingtead of surfacing
or diving deeper. We aso do not know whether the aversive reaction is unique to the sonar sgnals used
by the U.S. navy ships in the area a the time of the strandings, or whether the averson extends to a
variety of sounds. As mentioned previoudy in the section on Hearing Safety Testing, knowing whether
the averson is gpedific or generd is critical to desgning mitigation responses that will be effective in
preverting recurrences of such strandings. For these reasons, CEE has been recommended as a safe
means of obtaining behaviord response data from wild animals that could not be obtained in any other
way, but consensus on the safest possible approach to this sendtive issue is a necessary first step before
developing a specific research plan and soliciting funding to do the work.

Computer Moddling. Some effects, such as acoustic resonance of air spaces and tissues, and responses
of musculaly controlled dructures to sound, cannot be adequately tested usng dead specimens.
Computer-aided mathematica modeling may be able to smulate and predict these effects, and can be
used in a crosschecking and validation protocol for those effects observed in the Bahamas strandings,
or in the tests with dead specimens, described above. A variety of modeling procedures have been
gpplied to marine mamma anatomical studies, ranging from rdatively smple rule-based models to very
detailed and complex Finite Difference and Finite Element modds in which dructures and their
mechanica properties are measured on very fine scales and smulated on supercomputers. Two projects
funded by the Office of Nava Research, one by Dr. Ted Cranford of Quantitative Morphology
Conaulting, Inc., and another by Dr. Darlene Ketten (previoudy mentioned) have developed 3-D
digitized computer databases of beaked whde anatomy, including the species of concern in the Bahamas
drandings. These same researchers, in association with severa colleagues, have begun modding
aspects of the anatomy of these or other species, specificaly the ears, nasal airways, and acoustic fats
of the jaw and mdon. ONR, the Strategic Environmentd Research and Development Program
(SERDP), ad the Navy Marine Mammal Program in San Diego have varioudy sponsored this work.
At present the Office of Naval Research has initiated some structurd resonance modeling of beaked
whde bony structures at Boston University (Dr. David Mountain).  This work is part of a larger
program to create a generd modd for noise risk prediction, caled ESME (Effects of Sound on the
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Marine Environment). ESME dso includes modding of sound transduction by marine mamma ears,
and other lines of research generdly relevant to thisinvestigation.

The levd of effort required to develop an effective modd of besked whae anatomy will be much
greater than the effort undertaken in ESME and other ONR programs.  Because effective modeling of
the rdevant anatomicd dructures will require the interdisciplinary collaboration of anatomidts,
audiologigts, engineers, and mathemdticians, an initid fird step would likely be a workshop to develop
interdisciplinary teams of researchers with spedific gods, such as the study of resonance of airways.
At present no specific plans have been formulated for the workshop or specific research efforts within
thistopic.

Stress Assessment.  Although the Bahamas stranding gppears to be the outcome of an immediate acute
response to sound, several reviewers have noted that chronic short or long term sound effects might not
manifest themsalves in any overt behaviora or physiologica effect, but insead only be gpparent in
symptoms of stress such as depressed immune system function.  As a consequence the Office of Naval
Research began funding research in maine mammd immune system characterization and assessment
of stress (eg. see Romano et d, in press, Romano et d, 1999). The purpose of the program is to develop
the diagnodtic tools to detect and accurately characterize stress, and to monitor populations of animals
regularly subjected to known acoudtic exposures, such as the animds in Navy Maine Mammd
Program. This program of research is relatively new (gpproximately three years) and relies on advances
in immunochemigry and immunogengtics only recently developed by human hedth researchers.
Applicability to invedtigations of events like the Bahamas dranding, with the purpose of determining
nonspecific stress effects, islikely to be at least two or three years off.

Where are the Beaked Whales? Application of the knowledge gained from the research described above
requires us to know something about the digtribution and habitat preferences of beaked whales.
Hidoricdly, there has been little research on beaked whales, due largely to their tendency to inhabit
deep waters, which often places them far from shore. Beaked whales tend not to form large groups, and
their behavior when at the surface is generdly quiet, making them difficult to detect. There is aso some
anecdota evidence to indicate that many populations appear to avoid vessas and human activity.

Nevertheless, condderable published and unpublished data have emerged in recent years, making it
possible to attempt some level of mapping of beaked whade populations. If that limited set of
observationa data were coupled with habitat data, it might also be possible to predict stes within the
world’s oceans that have not been surveyed, but which might reasonably be expected to contain beaked
whales. ONR has received proposds for this kind of research effort, and anticipates funding the work
in fiscal year 2002 (October 2001), pending findization of the Congressiond budget later this year.

The proposed research would compile dl published and available unpublished survey data on beaked
whaes, and mege that data with state-of-the-art data on the maine environment, derived from
oceanographic surveys and sadlite remote senang of ocean environmental features such as sea surface
temperature, chlorophyll production, water movement, and other features. Partners in the research
program would include the Nava Oceanographic Office, Naval Undersea Warfare Center, and various
academic and research inditutions. The project is anticipated to take about one to two years, and would
result in a globa map of beaked whae populations, and habitats that might reasonably be expected to
contain beaked whales.



The accelerated pace of this work is enabled by the fact that ONR and CNO N45 have for the past five
years supported a project to collect and map didribution and abundance data for dl endangered and
threstened marine mammals and turtles in the waters surrounding the United States (The Living Marine
Resources Information System, or LMRIS). Aided by researchers from the NOAA Fisheries Science
Centers and numerous public and private research inditutions, the Navy is currently incorporating
LMRIS into its vast holdings of oceanographic data a the Stemis Space Center in Mississippi, in
collaboration with the Office of the Oceanographer of the Navy and its various oceanographic centers.
The exiging hardware and software infrastructure of LMRIS will dlow us to accelerate the process of
bringing beaked whde information into a data synthess and mapping toolkit useable by Navy and
others. The intended purpose of the research would be to ad in the planning of necessary military
training, and other human activities at sea, so that potentially adverse impacts on beaked whaes could
be avoided.

Beaked Whale Population and Behavioral Data Collection. Studies of the population biology and socid
behavior of beaked whaes are not recommended to be part of the program of research focused on
determining the causal mechanians of the March 15 stranding event. While these data are of genera
importance for the conservation and informed management of beaked whaes, they do not directly
inform an invedtigetion of this stranding and its causes. Such research is more properly the domain of
agencies charged with the long term monitoring and conservation of protected species, eg. NOAA
Fisheries and other national marine resource agencies. At present there are several multi-year ongoing
sudies of beaked whde populations, induding severa in the Bahamas. These programs of study
indude routine counting surveys to determine population status, photographic identification of
individuas, data recording of interactions between individuas, and genetics studies from tissue biopsies.

Beaked Whde Movements and Uses of Sound. Beaked whales are known to generally be deep divers
that spend considerable periods of time at depths of 600 meters or more. Anatomicaly they share many
features with odontocete cetaceans, such as dolphins and porpoises, known to employ high frequency
active sonar in hunting prey and navigating murky or deep waters. However, it is not currently known
whether beaked whaes do in fact use active sonar, and if they do, what kinds of sonar sgnas they emit.
We dso do not know what kinds of socia and communicative sounds they use, and in fact there are very
few recorded examples of sounds that can confidently be attributed to besked whales. Obvioudy, the
types of sounds beaked whaes make, and the uses they make of such sounds, are of great importance
in determining how manmade sounds might affect feeding and socid behavior.

Under ONR sponsorship an attachable tag to record both diving and acoustic data has been developed
and tested on several species of maine mammas. The prototype tag was origindly developed for
atachment to the pelage of ephant seds by a team of researchers from the University of Cdifornia at
Santa Cruz (Le Boeuf, Costa, Crocker, Burgess, et d) and Woods Hole Oceanographic Inditution
(Tyack). Since that time the tag has been greetly improved and used with suction cup attachment on
right whales, sperm whaes and pilot whaes (Tyack and Johnson, Woods Hole Oceanographic
Indtitution). A dmilarly improved mode is in the find stages of development by Burgess (now with
Greeneridge Sciences, Inc.) and is scheduled for deployment on sea turtles and blue whaes in the
coming year. The tags record severa hours of acoustic data (including breathing and heart beats) aong
with diving data, environmentd data (temperature, sdinity), and behaviora data (extrapolated from
movement data).



We recommend deploying acoudtic datdogging tags on beaked whaes to provide both acoustic and
diving data These tags have been used in CEE research to verify sound exposures of focal study
animals, and to monitor underwater behavior during sound exposures. However, the tags may aso be
deployed without a controlled sound source, smply to record basdline acoustics and diving behavior.
These data will enable us to model cumulative sound exposure for diving animals that may enter and
leave severd differet sound regimes, eg. ducts, and will enable us to determine the circumstances

under which manmade sound may interfere with, or mask, sounds made by the animals themselves, with
subsequent adverse effects on navigation, food finding and socid communications.



Conclusions and Recommendations
Conclusions

Mogt, but not dl lines of invedtigation have now been completed. Conclusions and recommendations
appearing in thisinterim report could change somewnhat asfind results become avalable.

This was a comprehensve investigation in that al possble causes of the dranding event were
considered whether they seemed likdy at the outset or not. The god was to assume nothing and to
overlook nothing. Sixteen possible causes of the besked whae strandings have been unequivocaly
ruled out by this or previous reports. These are biotoxins (red tide), manutrition, chronic disease,
inflanmatory disease, meteorologicd events, earthquakes, volcaniam, landdides, neoplasms (cancer),
fisheries injury, blunt trauma from ship strike, nearby explosion, digant explosion, birth trauma, LWAD
(aU. S. Navy exercise using sonobuoys), and Low Frequency Active sonar (SURTASS LFA).

Three other primary causes of the drandings or unique injuries seen in this event have been identified
but are not considered a principad component for the following reasons. Acute chemica contaminant
exposure (pollutants) is a potentia cause of a mass stranding or mass mortaities but is highly unlikely
in this event given that no mortdities of other species was observed, and there was no evidence of a
chemicd sill or release.  Spontaneous subarachnoid hemorrhage does occur in mammals but would
only affect individuads and would be highly unlikely to affect 16 animds (dolphin not included) at one
time. Findly, diathetic disease (bleeding disorders), due to such things as leukemia or disseminated
intravascular coagulation, would likdy be expressed in other organ sysems, and is unlikely to have
affected dl the animds at once.  The role that specidizations of the clotting mechanism in whales,
dolphins and porpoises played in the lesons seen in this event or in an increased susceptibility to
acoudtic trauma is unknown and will be further explored.

The fourth possible contributory cause to the strandings and cause of the lesons seen in these animals,
and the only one that cannot be ruled out is, intense acoustic signals. Based on the environmental
acoudtic records and activities reported by the U.S. Navy, the only source of intense acoustic Sgnds in
the Bahamas on March 15, 2000 was tactical mid-range frequency sonars. The tempora and spatial
pattern in which the sonars were operated is in agreement with the tempora and spatia pattern in which
individual whales stranded.

The standard approach used in risk management is to consider the ful range of biologicd and
environmentd variables that modify the expression of a given trigger agent. Focusing on the interplay
among factors gives more options for risk-reduction than focusing on the trigger agent in isolation from
the environment. The comprehensive approach referred to is the best way to identify the variables to
be considered in managing future risk from tactica mid-range sonar. The variables identified are sound
propagation characteristics (in this case a surface duct), unusua underwater bathymetry, intensve use
of multiple sonar units, a congtricted channel with limited egress avenues, and the presence of beaked
whdes that appear to be sengtive to the frequencies produced by these sonars. Some of these variables
may be more important than others,

Consderable research must be conducted to determine the causa mechanisms whereby tacticad mid-
range frequency sonars could produce such tissue damage and stranding of the beaked whales in
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question. Table 2 shows the studies related to this god that are till under way. Specifically, research
into possible mechaniams is focused on three topics. Vedibular atelectasis (collapse of tissues of the
vedtibular sysem, which includes the semicircular cands) has not yet been ruled out because detailed
microscopic andyss has not been completed. Injury to the basilar membrane and hair cells of the
cochlea (inner ear) 4ill has not been ruled out for the same reason. Tissue damage via acoustic
resonance is beng studied in the laboratory usng tissues from the Bahamas beaked whales, humans,
and pigs. Andyss of acoudtical fats is aso critical. None of these studies is complete yet. All these
issues will be revisted in the team’ sfind report.

On March 15 and 16, 2000, a multi species stranding of seventeen marine mammals was discovered in
the Northeast and Northwest Providence Channds on Bahamian Idands. The strandings took place
within 24 hours of U.S. Navy ships udng active mid-range sonar as they passed through the Northeast
and Northwest Providence Channdls. A combination of specific physical oceanographic festures,
bathymetry, presence of beaked whales, and specific sound sources were present. Six of the whaes and
one dolphin (unassociated) died after stranding on beaches. Ten whales returned to the sea dive. The
four dead whaes from which specimen samples could be collected showed signs of inner ear damage
and one showed dgns of brain tissue damage.  While the precise causd mechanisms of tissue damage
are unknown, dl evidence points to acoudtic or impulse trauma. Review of passive acoustic data ruled
out volcanic eruptions, landdides, other ssmic events, and explosve blasts, leaving mid-range tactica
Navy sonars operating in the area as the most plausible source of the acoustic or impulse trauma.  This
sound source was active in a complex environment that, as noted above, included the presence of a
surface duct, unusud underwater bathymetry, condtricted channd with limited egress, intensve use of
multiple, active sonar units over an extended period of time, and the presence of beaked whaes tha
appear to be sengtive to the frequencies produced by these sonars. The investigation team concludes
that the cause of this sranding event was the confluence of the Navy tactica mid-range frequency sonar
and the contributory factors noted above acting together.
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Recommendations

To the maximum extent practica, the Navy will adopt measures in its future peacetime training,
induding those invalving the use of tacticadl mid-range sonars, to avoid the taking of marine mammas
Under the circumstances investigated in this report, two actions are recommended for the Navy. These
are to undergand to the greatest extent possible the mechaniams by which sonar sounds affect marine
mammd tissue or behavior, and to put into place mitigation measures that will protect animads to the
maximum extent practica and not jeopardize National Security. These mitigation measures may change
over time as new research is completed. Some of the research that is required to understand the
mechanisms of action was presented in the Follow-Up Research Actions section of this report written
by ONR. The investigation team recommends that dl the research that is lised as under way be
continued, and that dl the projects that are liged as planned should be implemented. This is a brief
summary of research the ONR report listed:

1. Tissue damage caused by 53C sonar (proposed). Beaked whae tissues would be exposed to
a 53C sonar sgnd inalake. Samples would be examined for damage after exposure to the same
operating characteristics used in the Bahamas, and to different characteristics to determine how
generd or specific such effects may be.

2. Hearing safety tedts (initiated). Animals currently in possession of the Navy Marine Mamma
Program, trained to participate in studies of temporary threshold shift, would be exposed to 53C
sonar dgnds at a disgtance to determine its effects on hearing function (dolphins, beluga, sea
lions).

3. Resonance in skulls and lungs (under way and proposed). Human divers, pigs, and besked
whale tissues from the Bahamas are being studied for the frequencies and levels that cause tissue
damage (in the |aboratory).

4. Behaviord effects sudies (proposed). Animas in the wild that would be temporarily

equipped with instruments that record sound are briefly exposed to sounds of carefully
controlled level while the indrument and other monitoring sensors (visud, acoustic, other)
record behavioral responses as afunction of level.

5. Computer-aided mathematica modeds (under way). A 3-D digitized database of beaked

whae anatomy has been condtructed.  Finite Element Modeling is used to predict how various
tissues would respond during acoustic resonance and other conditions. (Being done in
conjunction with 3 above.)

6. Stress assessment (under way). Assays have been developed for use in marine mammals to
detect stress hormone levd. These assays have been used to detect stress hormone levels in
marine mammals exposed to loud sounds in controlled experiments.

7. Begked whde habitat use (initiated). The kinds of habitats that attract beaked whales need
to be identified and flagged for those who plan sonar operations. This contributes to avoiding
beaked whae populations, which isthe best form of mitigation.
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8. Beaked whde sounds (planned). The ways besked whales make and use sound is an
important condderation in sudying how human sounds may affect them. Studies with
instruments that record sounds (see number 4 above) are needed on beaked whales.

9. Future gtrandings (planned). Develop protocols and equipment for rapid response to future
dangle or mass beaked whale strandings, both to determine how frequent this type of stranding
may be and to develop genera information about morphology, physiology and typica pathology
higtories for this little-known taxonomic group.

10. Studies of blood clotting mechanisms (suggested). Data from other odontocetes suggest
possble differences from terrestrid mammd clotting physiology.  Follow-up studies are
possble to detect unusud dotting physology in beaked whdes, and whether it may have
contributed to the observed hemorrhagic symptomsin this stranding.

Other research projects are possible and should be suggested to the investigation team.

Through the auspices of the Marine Mammad Health and Stranding Response Program established under
16 U.S.C. 1421 et seq, NOAA has numerous studies underway or planned to evaluate the causes of
drandings and the impacts of human activities on marine mammad hedth in wild populations (cetaceans
and pinnipeds, exduding wdrus). A few of the studies and programs relevant to the present
investigation are listed below:

1. Siress assessment (ongoing). Studies are underway to develop and validate markers and
assays to assess the levd of stress in marine mammas. Such studies include hormonal assays
to evauate actud stress hormone levels in blood and feces, assays to evauate immunologica
function (which is affected by stress levd), and assays to detect stress activated proteins in skin
biopsies. Exposure to noise, both acute and chronic, is one of many stressors and may contribute
ggnificatly to elevated stress in marine mammas. NOAA is working with field biologists,
researchers and the National Marine Mammal Stranding Network to study these parameters in
wild marine mamma populaions.

2. Strranding Response (ongoing). In partnership with the National Marine Mamma Stranding
Network, NOAA is working to establish protocols, provide funding for response and analyses,
and invedigate the causes of drandings, injury and desth in marine mamma populdions,
induding beaked whales. NOAA and partners are working to determine the anomalies, diseases
and lesons in wild marine mammads, including deep diving marine mammas which are stranded
or by-caught. In addition, NOAA is providing training for stranding response and necropsy to
granding networks in other countries to increase the capabilities to understand causes of
grandings and hedth indices in maine mammas. Such workshops have been conducted in
Mexico (2) and Bdize with future workshops planned. Finaly NOAA partners and scientists
provide assistance when requested and able to invedigate mortdity or stranding events in other
countries.

3. Unusuad mortdity response (ongoing). NOAA coordinates the Working Group on Marine
Mammd Unusud Mortdity Events (16 U.S.C. 1421c) which advises NOAA on response to and
invesdigations of unusud mortality events. This group dong with the NOAA on-dte coordinator
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will investigate mortdity events and unusua mass strandings.

4. NOAA working with partners will develop protocols for besked whale (and other deep diving
whae) research usng stranded or by-caught animas.  These protocols will ensure that a full
multi-dsciplinary research approach is used and that vduable data on beaked whde hedth or
life history are not lost to other research interests, and that the stranding network is adequately
compensated for additiond collection efforts.

5. Clotting parameters (underway). Utilizing live stranded animals, studies will be conducted
to evauate clotting mechaniams in deep diving cetaceans such as beaked whaes, sperm whaes,
and pygmy sperm whales.

Recommended mitigation measures:

1. Forego multi-ship, peacetime active sonar transmissions from mid-range tectical sonar in the
Northeast and Northwest Providence Channel's unless required for Nationa Security reasons.

2. The Navy will carefully assess and closdly scrutinize future training and training areas with
an eye toward avoiding those Stuations where the combination of factors presented in this report
(oceanography, bathymetry, sonar usage, etc.) would be likely to occur.

3. If the factors cited in this report are present in another location, and relocation is not feasible,

and the Navy mugt proceed but has not received a Letter of Authorization (LOA) or an
Incidental Harassment Authorization (IHA), then:

. Immediately before the operation use whatever facilities or assets are on hand to
visudly and acoudticaly survey for marine mammas

. Esablish a zone of influence appropriate to the exising oceanographic
conditions and source level settings

. Employ properly trained lookouts

. Implement  shutdown procedures if marine mammals are detected within the

zones of influence established for those species

. Immediatdly after the operation ends (where feasble, usudly in near shore
waters) survey for injured, disabled or dead marine mammas using whatever
survey fadlities and assets are on hand, and natify NMFS if any such animals are
found so that an appropriate stranding response can be implemented

4. NMFS will continue to conduct broad area surveys of marine mammal locations, migratory
pathways and habitats that can be used by Navy plannersin sdlecting exercise Sites.



Glossary
Ante-mortem: Before death.

Autolytic. Causng autolyss, the enzymatic digestion of cdls (especidly dead cells) by enzymes
present within them. Degtruction or rupture of cells. Causes significant destruction of the tissues or
decompostion of the cells with time after desth, which hampers or inhibits post-mortem interpretation
of tissuesand lesions.

Barotrauma: Refers to trauma induced by sudden changes in ambient or barometric pressures such
as those that occur in deep sea diving or arplane descent. This may result in trauma to the ear; the
extent of which is dependent upon the pressure differentid. Large pressure differentias can result in
hemorrhage in the middle ear or rupture of the tympanic membrane.

Cephalopod: Any of the most highly developed class of mollusks, having long, arm-like tentacles
around the mouth, a large head, a pair of large eyes, and asharp, bird-like beak. Many can expd a dark,
ink-like fluid. These include: squid and octopus.

Contrecoup injury: Denoting the manner of injury as in the skull or brain a a point opposite that at
which the blow was received. E.g. If an animd is struck on the left sde of the head, the damage or
injury to the brain will show up on the right side of the brain, directly opposite to the blow. Thisis due
to the brain moving ingde afluid filled sac ingde the skull.

CSF:  Cerebrogpinal fluid: The clear fluid normaly present within the cavities and between the
membranes of the central nervous system which serve to protect the brain and spind cord.

Cetacean: Literdly it refers to three suborders of maine mammads induding ancient whales, baleen
whaes (which indude Minke whdes), and toothed whales (which include besked whales, dolphins,

[pOrpoi ses).

Clotting factors (coagulation): Components of blood that are needed for blood to clot or coagulate
induding specific coagulation proteins and blood platdlets. Effective hemogtasis (clotting of blood) is
dependent on an effective number of functioning platelets, adequate concentrations and activities of
fibinolytic and plasma coagulation proteins, and a normaly responsive blood vasculature. Bleeding
diatheses may be caused by congenita and/or acquired defects in any of these factors. Deficiencies in
coagulation proteins are usudly manifested clinicaly as delayed deep tissue hemorrhage and hematoma
formation whereas deficiencies in platelets usudly are manifested as superficid petechia or ecchymotic
hemorrhages, epistaxis, melena, or prolonged bleeding at incision sites. Factor XI, Hetcher Factor, and
Hageman Factor (see entries below) are three types of coagulation proteins noted to be absent in dl
tested cetaceans. These factors are part of the intrinsc clotting cascade (Meyer and Harvey, 1998).

Coagulopathies: diseases that affect the coagulability of the blood.
Cochlear duct: Membranous cochleawhich lieswithin the spird candl.
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Computed tomography (CT): The creation of images showing anatomic informeation, each image
generated by a computer synthess of x-ray transmisson data obtained in many different directions in
agiven plane.

Congestion:  Presence of an abnorma amount of fluid in the vessds or passage of a part or organ;
especidly, of blood due either to increased influx or to an obstruction to outflow.

Crania (um): The bones of the head.
Cranial: Relating to the cranium or heed.

Crustacean: A veay lage dass of aguatic animas (phylum Arthropoda) with a chitinous (hard)
exoskeleton and jointed appendages. E.g. Crab, lobster, crayfish, and shrimp.

Debilitation (debilitating): Condition denoting weakness. Morbid process that causes weakness.

DeciBel (dB): Decibd is a dimensonless ratio term that can be applied to any two vaues, temperature,
ranfdl, the number of jelybeans in a jar, or sound. Decibels are expressed as 10 times the logarithm
of theratio of avaue (V) to its reference value (Vref), or:

N decibels (dB) = 10*Iog (V/Vref)

The decibd originated in dectrica engineering measurements of transmisson line losses, but it is dso
physologicdly dgnificant in that the response of biologicd ears to sound is logarithmic. (Bartberger,
1965). Decibds should dways be accompanied by a reference vaue that defines the ratio being
expressed, unless the reference is clearly stated at the start of the paper. In this paper all references to
dB that are not accompanied by a specific reference vdue are dB of sound pressure level (SPL),
referenced to 1 micro Pascal of pressure. Other commonly used acoustic measures, such as Sound
Energy Level (SEL), dso commonly expressed in dB ratio terms, will be specificdly stated as being
something other than sound pressure, and a different reference term, such as 1 second-second squared,
will indicate that a vaue other than SPL is being discussed. A further distinction that needs to be kept
in mind is whether the dB value is a Recelved Level (RL) or Source Level (SL). For acoustic sources,
the convention is to express the power of the source in Sound Pressure Leve at a distance of 1 meter
from the acoudtic center of the source. In many cases, especidly for large sources, this is a theoretica
number that never actudly exigts in the physica world, but is calculated from received levels measured
at distances greater than one meter from the source. The source level of a sonar may be 235 or more,
but the sound pressure a any one point away from the source is affected by the spreading of sound in
dl directions, and by absorption, reflections, scattering and other phenomena (discussed in more detail
in the section on Acoudtic Moddling). The physics of the propagating medium will determine whether
the received leved at a given point is 170, 180 dB, or some other value for a stated source level. While
the source levds of the Navy sonars described here were generdly 235 dB (sound pressure levd), the
recaeived sound pressure level a any point more than a meter from the source would have been lower.
How much lower is detailed in the section on Acoustic Modding.

Dephinids.  Family or classfication of animas within the Order Cetacea and includes dolphins.
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Diathetic: A condition of the body where an individua is more susceptible to a disease or
physiologicd anomay such as hemorrhage than usud.

Eosinophilic precipitation: Red stained residue observed when tissues are examined by ganing with
eosin and hematoxylin, two tissue dyes alowing you to see the cdllular and tissue structures.

Epidemiology: The study of the distribution and determinants of hedlth-related States (e.g., diseases)
or events (e.g., mortdities) in specified populations, and the application of this study to control or
mitigate hedlth problems.

Exhume:  Toremove abody or carcass from aburid ste.

Factor XI (thromboplastin antecedent): Circulaing blood protein  which participates in the intringc
coagulation cascade. When activated by factor Xlla, it activates factor IX in a reaction requiring no
cofactor except cadcium ions. Deficiencies have been reported in Kerry Blue Terriers, a femae English
Springer Spanid, a Great Pyrenees dog, Weimeraners, and Holgtein cattle. In severe deficiencies, mild
prolonged bleeding may occur after trauma or surgery. Bleeding tendencies are not immediate but
usually delayed by 3-4 days.

Fletcher Factor (prekallikrein):  Blood protein that is part of the intringc coagulaion cascade.
Participates in a reciprica reaction of contact activation in which it is activated to kalikrein by Factor
XII; the kdlikrein then catalyzes further activation of factor XlII to factor Xlla enhancing the activation
of factor X1. Deficiencies have been reported in a poodle, a family of miniature horses, and a family
of Begian horses. Clinicd bleeding problems are not usudly apparent however excessve post
operative bleeding has occurred.

Gross findings: Observations of organs and tissues in carcasses that are large enough to be made with
the naked eye.

Growth layer groups:  Layers of cementum or dentin of teeth that are deposited in the tooth on a
regular basiswith age. These layers are counted to estimate age of the species.

Hageman Factor (Factor XII or contact factor): The first step in the intringc coagulation cascade.
Trauma to blood or exposure of blood to vascular wal collagen causes Factor X1 to be activated which
in turn reacts enzymatically with Factor Xl triggering the second step in the intrinsc cascade.
Deficencies have been reported in a German shorthaired pointer, Standard poodle and a family of
miniaure poodles. Affected animas do not usudly have bleeding problems, however, humans with
Factor Xl deficiencies are predisposed to thrombosis or infections. Clinicaly seen as a test tube
abnormdity without dinicd findings

Histology: The science concerned with the minute structure of cdls, tissues, and organs in relaion to
their function.

Hyperemia: The presence of an increase in blood flow to an organ or part which may be seen as a
reddening of the tissue or organ on gross examination.



Impulse noise: There are no clear boundaries between impulse sounds and tonal (“continuous’) sounds,
but generdly speaking impulse sounds are 1) of short duration (lessthan 0.1 - 0.2 seconds, and usually
much shorter), and 2) have an irregular waveform, rather than the smooth sinusoidd waveform
generated by most sonars or speech, for example. However, when a tona sound source like a sonar
powers up rapidly to ful power in less than 0.1 second, the onset of the sound can have impulse-like
effects (see Rise Time). The effects of impulse differ from tona sounds in that the rapid overpressure,
underpressure or combination of both in rapid successon, may exceed the mechanical resilience of
structures and cause damage not seen with equal amplitude but dower pressure changes in tonal sounds.
And since impulse is characterigticaly broadband (made up of many frequencies) effects like TTS may
be found in unanticipated parts of the inner ear (a low frequency impulse may exhibit high frequency
effects) or effects may be digtributed across many frequencies. The ear has protective mechanisms
agang sudden loud noises that often reduce the effect of impulse sounds relative to tonal sounds. But
individua differences in impulse sounds and in physological protective responses mean that predicting
the effects of impulse sound on a given individud is more difficult than for tond sound. Within a
population, impulse sounds tend to result in more varied effects between individuds, réedive to
exposure to tona sounds.

Inflammation: Locdized hesat, redness, swdling, and pain resulting from injury, infection, or irritation.
Inter specific: Occurring or arising between species.

Intracochlear: Within theinner ear or cochlea

Intra-cranial: Within the skull or more loosdy within the heed.

Labyrinthine Reating to the structure of the inner ear comprised of severad connected ducts, bony
and membranous components. The labyrinth is the cand system within the tympanic bone which houses
the inner ear. The labyrinth has abony component and a membranous component.

Lateral ventricle: A cavity shaped somewhat like a horseshoe which lies within each hemisphere of
the brain. The cavity contains cerebrospina fluid which flows outward to other parts of the brain, spina

cord, and some portions of the cranid and spind nerves.

Leptomeninges. The pia mater and arachnoid membranes surrounding the brain and spind cord
between which lies the cerebrospind fluid.

L esion: wound, injury, or pathologica change in the tissues.
Morphology: The science concerned with the structure of animals.

Myocardial contraction band necrosis. Foca hypercontraction and lyss of contractile filaments in
smdl groups of myocardid cdls.

Necropsy(ied):  (SYN: autopsy)- An examination of the organs of a dead body (whal€) to determine
the cause of death or to study the pathologic changes present. |Is the same as an autopsy performed on
humans



Necrotic. Death of one or more cels or a portion of a tissue, organ, or carcass resulting from
irreversble damage.

Parenchyma(l): The essentid and digtinctive tissue of an organ as digtinguished from its supportive
framework.

Pathognomonic: Characterigtic or indicative of a disease; typica symptoms, findings or patterns of
abnormalities that are pecific for a given disease and not found in any other condition.

Pathology: The medica science and specidty practice, concerned with al aspects of disease, but with
specid reference to the essential nature, causes, and development of the abnorma conditions, as wel
asthe structura and functiona changes that result from the disease processes.

Peribullar:  Around the bullag, [in this case referring to the tissues and space surrounding the bony
housing of the ear].

Peri-mortem:  Occurring around the time of desath.

Physiology: The science concerned with the norma vital functions and activities of life or of living
metter, especidly as to how things normally function.

Ping-Second: The term "ping-seconds refers to the number of seconds of sonar sound that would have
occurred at a specified Ste and specified level. For example, in Figure 5.d. one can see that most of the
track of Ship B produced exposures of 2-8 seconds at 180 dB or higher along its track, but that some
areas received more overlgoping pings due to changes in ship speed or maneweing.  Given the
vaiability in ship speeds and maneuvers and changes in sonar output over time, a graphica picture of
cumulaive exposure is a useful way of visudizing both the extent and duration of exposure to sonar
sound experienced at various points within the New Providence Channd during this exercise.  Only two
conditions, sound levels above 180 dB and sound levels above 160 dB are shown, though the data could
be presented in many different views, e.g. exposures to sound levels between 180 dB and 185 dB only,
or between 170 and 175 dB, or exposure to sound levels above 100, 120, or 140 dB. No special
ggnificance should be attached to the limited sdlection of displays provided here for illudrative
purposes only.

Post-mortem: Pertaining to or occurring during the period after death.

Propagation (sound propagation): Severa factors must be considered when reviewing the acousdtic
propagation reported here. Fird, there is a difference between Source Level (SL), measured a one
meter from the acoustic center the source, and Receive Level (RL), the amount of sound an animal
would receive at some distance from the source. Due to spherical spreading of sound, absorption,
reflection, scattering, and other phenomena, Receive Levels drop markedly as one moves away from
the source. For example, a Source Level of 235 dB one meter from the source dissipates to a Recelve
Level of 180 dB at a distance of 200 m to 1000 m from the source, depending on conditions. Second,
the rise time of the sgnd, the time required for the sgnd to grow from zero to maximum amplitude,
can have an impulse like effect if short enough in duration. Although frequency spreading and
environmental scattering tend to smear the rise time in question and reduce the potentid for impulse
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like events, they cannot be discounted.

Pulmonary edema: An accumulaion of an excessve amount of watery flud in cdls or intercdlular
tissues of the lungs. Pulmonary edema can inhibit transfer of gases between vessals and the airways and
impar respiratory function. The lungs typicaly are heavier and less spongy than norma on post-
mortem examingtion.

Renal capsular hemorrhage: Hemorrhage in the fibrous connective tissue covering the kidney
(reniculi in cetaceans).

Reproductive status.  Sexudly matureimmeature.

Rise time: The total time from sonar-off to maximum amplitude. For the 53C and 56 sonars, rise time
is one or two cycles, which would trandate to about 0.4-0.3 milliseconds for the 53C sonars and 0.2 -
0.1 milliseconds for the 56 sonars. These rise times are within the range of sgnd durations associated
with impulse noise.  Frequency spreading and environmental scattering would tend to "smear” the rise
time as the sound propagated away from the source, thereby reducing the potential for impulse-like
effects.

Sinus. A cavity or hollow space in bone or other tissue usudly lined by mucous membrane.

SAH:  (Subarachnoid hemorrhage), presence of blood in the subarachnoid space surrounding the
brain (the space between two layers of meninges, the subarachnoid membrane and the pia mater, and
normaly contains cerebrospina fluid), usudly spreading throughout the norma cerebrospind fluid
pathways which connect dong crania nerve pathways induding those for Crania nerve VIII to the ear.

Sonar. Sonar (Sound Navigating And Ranging) may be active or passve. Active sonar projects a
sound and then ligens for echoes of that sound returning from underwater objects. Passive sonar does
not project a sound, but ingtead only ligens for sounds produced by underwater objects. The Navy
uses both active and passve sonar. Active sonar is the most significant sensor for detecting and locating
diesdl submarines in the complex oceanography of littord waters. It enables ships to search a larger area
more quickly than any other sensor, and it provides the only accurate targeting data for the ship's
antisubmarine warfare (ASW) weapons. However, interpreting sonar data is much more difficult than
interpreting radar data because of the complexity of how sound travels under water, especidly in littora
waters. Proficiency in these interpretations is gained dowly and logt quickly. Simulators are available
for traning, but they do not fully replicate the difficulty of detecting and tracking submarines at sea
Ping contact time againgt actud targets at sea is essentid for gaining and retaining ASW proficiency.
It isfor this god that ASW exercises such as the one in the Bahamas are staged.

Subcutaneous.  Benesth the skin which includes the epidermis and dermis (blubber).

Vestibular atelectasis: Collapse of the membranous wals of the ampullae and utricle of the inner ear
triggering in humans chronic unsteadiness and vertigo.
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