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Kenneth S .  Norris recognized the potential of telemetry and tags to provide vastly improved 
understanding of the way marine mammals make a living. Many hours of discussion with Ken 
were spent working through details of new technologies that might allow better views of be- 
havior underwater. He was always searching for improved ways to assess the activities of marine 
mammals-this concern was evident even in his early writing (e.g., Norris, Evans and Ray 1974). 
Ken was pleased with the developing tag designs and was insistent rhat sperm whales be the 
subject of intense study, so that our ideas will no longer “rest upon shaky ground,” he said. The 
analyses here of sperm whale surfacing activities are dedicated to Ken. 
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ABSTRACT 

Three 12-m sperm whales (Physeter catodon) were tagged and tracked west 
of Dominica in the southeast Caribbean to follow the surfacing patterns and 
movements of these presumed subadult males. Whale N was tagged in April 
1993 with a 30-MHz radio tag and tracked for two days. Whale H was 
tagged in April 1995 with a 30-MHz radio tag and tracked for 4.6 d. Whale 
A was tagged in April 1995 with a satellite-monitored tag tracked by AR- 
G O S  for 21.5 d, the first four of which were concurrent with the tracking of 
Whale H, an associate. The tagged whales remained west of Dominica for at 
least 2, 5, and 13 d, respectively. Whales N and A then moved southward 
to waters off Martinique. There were no apparent effects on the whales by 
tagging or the presence of the tags. The whales averaged speeds of 2.6-3.5 
km/h. Surfacings, indicated by tag signals, were of two types: short surfacings 
apparently primarily for respiration, averaging 7-10.5 rnin between repeated 
longer dives, occurring day and night; and extended surfacings seemingly for 
rest and social interactions with conspecifics, occurring mostly in daylight. 
Whales were near the surface for 20.4%-22.6% of the total time (26.6%- 
27.1% during the day and 14.9%-17.1% at night). Delayed blowing was 
observed as Whale N surfaced for 8.3 min between 47- and 45-min dives 
but delayed the first of its 31 blows for 1.5 min after surfacing. 

Key words: sperm whale, Physeter catodon, surface activity, diving, tracking, 
radio track, telemetry, satellite track, ARGOS. 

Whaling records for sperm whales, Physeter catodon Linnaeus 1758,* have 
provided much of the information that we have about their social structure, 
diet, and distribution (e.g., Best 1979). It has been difficult to obtain behav- 
ioral information about these whales because the majority of their time is 
spent in long, deep dives (e.g., Lockyer 1977; Watkins et al. 1985, 1993; 
Papastavrou et al. 1989; Gordon and Steiner 1992). Nevertheless, groups of 
sperm whales have been tracked for hours or days by their sounds (Watkins 
et al. 1985, Gordon 1987, Whitehead 1989) and by signals from tags (Wat- 
kins et al. 1993). Their behavior has been followed through underwater sound 
recording (Watkins and Schevill 1977; Watkins et al. 1985; Weilgart and 
Whitehead 1988, 1993), as well as by direct observation at the surface (e.g., 
Gordon 1987, Waters and Whitehead 1990, Whitehead and Weilgart 1991). 

* Our review of the species descriptions of 1758 by Linnaeus indicates that cutodon was the 
O d y  one that fit the sperm whale, and we do not agree that the Principle of the First Reviser 
Ofthe ICZN was apppropriately applied in the 1974 attempt to change the name to mmocepbaizs 
b Schevill 1986; Holthuis and Schevill 1987, separate letters). In this, we disagree with Rice 
(1998). 
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Adult female sperm whales often are found in warm-temperate and tropical 
waters, associating in groups with their immature offspring, whereas adult 
males are commonly alone or in ephemeral same-sex aggregations, often in 
colder waters, as well as visiting female groups in warm waters (Best 1979; 
Watkins and Moore 1982; Arnbom and Whitehead 1989; Whitehead and 
Waters 1990; Whitehead et af. 1991, 1992). 

The dive and surface behavior of sperm whales has been of particular interest 
(e.g., Backus and Schevill 1966, Lockyer 1977, Best 1982, Papastavrou et af. 
1989, Gordon and Steiner 1992, Watkins e t  al. 1993). General surfacing pat- 
terns have been used to distinguish two predominant activity modes; short 
surfacings between repeated, long dives have been interpreted as respiratory 
opportunities between foraging dives, while lengthier stays at or near the 
surface have been considered to be related to periods of rest and socializing 
(e.g., Watkins and Moore 1982, Watkins et al. 1985, Gordon 1987, Whitehead 
and Weilgart 1991). 

An obstacle to the study of sperm whale behavior has been the difficulty of 
identifying individuals by eye in real time. As a result, although whales have 
been tracked and group behavior described generally (e.g., Gordon 1987, 
Whitehead and Weilgart 1991), it has seldom been possible, even for lone 
whales, to measure behavioral patterns precisely for longer than a few hours 
(e.g. , Mullins et al. 1988). The difficulty in maintaining contact with individ- 
ual whales through complete dive cycles has encouraged ingenious methods 
for estimating dive parameters. Such estimates have been based on assumptions 
about sperm whale behavior. For example, time spent at the surface has been 
measured from first sighting of a surfacing whale to its submergence, with 
the assumption that visibility and/or respiration occurred immediately upon 
arrival at the surface (e.g., Mullins et af. 1988, Papastavrou et af. 1989). Fluke- 
up to fluke-up observations of individually identified whales have been used 
to measure combined dive and surface durations (e.g. ,  Papastavrou et al. 1989, 
Gordon and Steiner 1992). Such daylight observations have not provided data 
on whale activity after dark or in limited visibility. To help provide quanti- 
tative means for assessing the behavior of individual whales and for monitoring 
their activities for prolonged periods, a tagging system was developed at the 
Woods Hole Oceanographic Institution (WHOI) for use on large whales at 
sea (Watkins 1978, Watkins et af. 1980). This system has been tested exten- 
sively and used in studies of six whale species, including sperm whales (Wat- 
kins 1981; Watkins et a/. 1984, 1993, 1996; Wartzok et af. 1989). The tags 
used included radio tags transmitting at low (30 MHz) frequencies for ex- 
tended range over ocean waves and beyond the horizon, acoustic tags with 
telemetry modulation of signals for following underwater whale movements, 
and satellite tags to provide long-term tracking through Service ARGOS. 
Previous uses of these tags demonstrated that they would likely be well tol- 
erated by the whales, remain operational for up to 45 d,  have no apparent 
effect on behavior, and produce little trauma or infection (Watkins 1981, 
Watkins et af. 1993, 1996). Tracking the signals from tagged whales allowed 
identifying individuals positively and monitoring of their detailed movements, 
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daily activities, and dive parameters for days or weeks. The dive activity and 
the relationship between surfacings and dives from detailed tag time/depth 
telemetry during a 4.6-d track are being prepared for separate publication. 
Here we report on the surfacing behavior of three sperm whales tagged and 
followed in the southeastern Caribbean. 

METHODS 

Tag system-The sperm whales were tagged and tracked by radio and sat- 
ellite-monitored systems using the WHO1 whale tag (Watkins 1978). The 
radio and satellite tags each used the same housing configuration and attach- 
ment. Tag circuitry and batteries were in a cylindrical pressure case, 1.9 cm 
in diameter and approximately 21 cm in length, which was pressure tested to 
more than 3,500 psi. The tags were designed for implantation from the rear 
in surface tissues at angles of 30°-400, with perpendicular penetration of 10 
cm or less (Watkins 1979). They bore 40-cm external antennas for both radio 
tracking and satellite frequencies to allow good exposure above water during 
whale sutfacings. Whales were tagged from the bow of the quiet 32-m R N  
ABEL-J by approaching carefully from the rear at an oblique angle. Ship’s 
engines were stopped so the ship drifted quietly, oriented to allow the whale 
to pass within 25 m of the bow. Before launching, tags were disinfected with 
Roccal (zepharin chloride). In all previous uses of this tag with no chasing or 
disturbing ship activity (noisy maneuvers, sharp turns, direct approaches), 
there have been no obvious whale reactions to tagging or any changes in 
surface behaviors after tagging (Watkins 1981; Watkins and Tyack 1991; Wat- 
kins et al. 1993, 1996). 

Radio tags-The radio tag transmitters used in 1993 (Ocean Applied Re- 
search, OAR) and in 1995 (Microwave Telemetry) produced low frequency 
(30.84 MHz), 50-100-msec signals at approximately 1 -sec intervals whenever 
the tip of the antenna was out of water. These (19-m) wavelengths allowed 
consistent signal reception in seas with roughness of Beaufort 8 or higher, at 
distances of 20 km or more when the antenna was fully out of water and 
within about 5 km with partial antenna exposure (e.g., Watkins et al. 1984). 

The tag signals were tracked with automatic direction finder (ADF) receiv- 
ers and crossed-Adcock antennas (WHOI-modified OAR) mounted 20 m 
above water. Signals and their direction from the ship were recorded and 
analyzed during tracking. Whale surfacing locations were assessed by trian- 
gulation using tag signal directions relative to ship movements and confirmed 
visually in daylight. The ship normally remained within 1-3 km from the 
tagged whale during tracking, far enough away to ensure that the whale was 
not disturbed but near enough to approach quietly within 200 m for obser- 
vation of specific activities. 

Satellite tag-The transmitter (401.650 MHz) in the satellite tag was orig- 
inally developed to track eagles and peregrine falcons (Microwave Telemetry, 
Model 100; Strikwerda et al. 1986). Exposure of the whale tag antenna above 
water actuated a 550-msec delay circuit followed by transmission of the sat- 
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ellite-identifiable 360-msec signal. The signal incorporated telemetry of tag 
temperature and battery voltage to monitor changes in the tissue implant and 
power supply (Watkins et a/. 1996). 

Although the signals from the satellite tag were short-range when moni- 
tored from the ship, they were received well when the whale surfaced within 
visual range (ICOM R-7000 receiver). Tracking was by two polar-orbiting 
NOAA satellites used by Service ARGOS for geographic location of individual 
transmitters (Fancy et al. 1988). The quality and number of ARGOS positions 
was limited by the sparse and relatively low-angle satellite receptions of signals 
from the whale tag at this latitude, by the long submergences characteristic 
of sperm whales, and by rough offshore waters (further limiting low-angle 
signals) due to the heavy ENE Trade Winds during this period. Telemetry 
data were reported by ARGOS at each signal, along with calculated geographic 
locations from sequences of tag signals (e.g. , Mate 1989, Watkins et al. 1996). 

Observations and definitions-Tagged whales were tracked so that the ship 
was within 1-3 km at each surfacing. During daylight, the ship approached 
tagged whales within 100-400 m for specific behavioral observations. All 
whales that surfaced 1-3 km from the ship were watched continuously by 
observers with 5-37 yr cetacean experience from high points, such as the 
Crow’s nest, 15 m above the water. 

Whales seen in the area were identified by natural marks. Their relative 
sizes were judged by eye and compared occasionally with small boats, objects, 
and floating cables of known dimensions. A streamer attached to the tag on 
Whale N improved visual identification and correlation of the activity with 
tag signals. The protruding case of the satellite tag served similarly as a visual 
identifier for Whale A. The tags provided signals whenever any part of the 
antenna on the whale’s back was above the water surface (trackable signals 
with only a few cm exposure). At surfacing, tag signals often were noted before 
the whale was seen, alerting observers to watch for the whale in a particular 
direction. Blows were monitored, but are not discussed in detail here because 
the distances generally maintained to avoid whale disturbance reduced our 
confidence in their attribution to specific whales, except for a few instances 
with tagged whales. 

The whale tags were monitored continuously during tracking, providing 
accurate data on whale surfacings by measurement of elapsed time between 
signals produced whenever whales surfaced. Whale surfacings were identified 
by reception of tag signals and, during daylight, by seeing the body and/or 
blow above water. Surfacing duration by radio-tagged whales was measured 
from the first to the last of the cluster of signals produced when tags were 
exposed above water. Our previous tag tracking data, as well as dive and 
surfacing observations from our studies in this geographic area, indicated that 
sperm whale surface activities typically were composed of repeated short se- 
quences of exposures of the whale’s body (and attached tag) above water, often 
for periods of only 1 or 2 sec at a time, with intervening submergences of 
generally less than 3 min. 

“Surfacing” was defined, therefore, as the period of whale activity at or near 
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the surface with submergences of less than 3 min. A submergence of 3 min 
or longer was considered a “dive”. Following previous descriptions of sperm 
whale surfaceldive behavior (Watkins and Moore 1982; Watkins et al. 1985, 
1993; Gordon 1987; Whitehead 1989), surfacings that appeared to be pri- 
marily for breathing between dives were called “respiration surfacings.” 
Lengthier surfacing periods associated with short submergences and near-sur- 
face activity were termed “extended surfacings.” Near-surface activity usually 
included variable numbers of submergences of less than 3-min duration, ap- 
parent rest, and social interaction with other whales, including side-by-side 
swimming, jostling, lob- tailing, spy- hopping, rubbing, pushing, slapping, etc. 

Statistical comparisons of heteroscedastic data used two-sample t-test analy- 
ses (Snedecor and Cochran 1973). Because parametric tests assume data are 
distributed normally, we log-transformed data (In) to reduce skewness when 
variances were larger than means. Transformed data included swim speeds for 
Whale N and daylnight surfacing comparisons and durations of dives for 
Whales N and H. Box-and-whisker plots (Tukey 1977) were used to illustrate 
data analysis in the figures (SYSTAT for Windows 5: Graphics, Systat, Evan- 
ston, IL). 

Dominica whales-The sperm whales seen in waters of the southeast Carib- 
bean often were in groups of 2-12 presumed females of 9-10 m in length, 
often accompanied by smaller juveniles and one or more calves. Whale lengths 
were estimated by eye with occasional comparisons to known dimensions of 
objects and array cables. Since 1981, such groups have been observed as they 
periodically encountered larger, more solitary, individual sperm whales of 12- 
16 m, presumed to be males (e.g., Watkins and Moore 1982; Watkins et al. 
1985, 1993). Males approached and sometimes joined female groups for pe- 
riods of a few hours to a few days. Otherwise, males stayed somewhat by 
themselves, spending much of the time apparently foraging at depth. The 
whales selected for tagging were just over 12 m long and were presumed to 
be adolescent males because they were generally solitary, periodically ap- 
proached or joined female groups for short periods, and were smaller than the 
15- and 16-m presumably mature males observed and previously tagged in 
this region (Watkins and Moore 1982; Watkins and Tyack 1991; Watkins et 
al. 1985, 1993). 

RESULTS 

Whales tagged-Three 12-m sperm whales were tagged within 15 km of 
the western shore of Dominica in the southeast Caribbean. Radio tags were 
used to track Whale N during 2 d in 1993 and Whale H for 4.6 d in 1995. 
An ARGOS-monitored satellite tag was used to track Whale A, an observed 
associate of Whale H, for 21.5 d in 1995. Including sightings before tagging, 
the three whales remained in this relatively restricted area off Dominica for at 
least 2, 5, and 13 d,  respectively. When Whales N and A left the area, they 
moved only a little way southward to waters off Martinique. 

After tagging, all three of these whales and their companions continued 
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their pretagging activities with no apparent interruption. There was no chas- 
ing by the ship in preparation for tagging, and its engines were stopped as 
each of the whales were approached and tagged (see Methods). After tagging, 
there were no changes in activity or surfacing that indicated response or ac- 
commodation to the tag. Behavior patterns were variable depending on the 
whales' current activities, with no indication of effect by the tag. 

Whale N was tagged on 23 April 1993 at 1140 (15"18.08'N, 61"27.82'W) 
with a radio tag and attached visual streamer. When tagged, Whale N was 
with two 10-m whales swimming within 5 m of each other during an ex- 
tended surfacing. The three whales continued to swim slowly near the surface 
over the next 23 min until they dove together at 1203 for a 19-min dive. 
The three whales were separated by 300 m or more when they resurfaced, but 
they continued generally to move along with four other whales including a 
cowfcalf pair. The tag on Whale N was lifted well out of the water during 
each surfacing, with streamer visible and consistently good signals. 

Whale H was tagged on 26 April 1995 at 1327 (15"26.91'N7 61°31.24'W) 
with a radio tag. At tagging, Whale H was with an associate (Whale A, 
subsequently tagged with a satellite tag, see below). The two whales had 
surfaced approximately 3.5 min earlier following a dive of more than 40 min. 
After tagging, both whales moved slowly together at the surface for the next 
9 min with two short submergences (0.3 and 0.7 min). Then they separated 
by about 300 m and dove at the same time for a longer period. The tag on 
Whale H was positioned a bit lower than the tag on Whale N, which likely 
reduced the duration of antenna exposure during some surfacings by Whale 
H. 

Whale A was tagged on 27 April 1995 at 0903 (15"20.01'N7 61°27.03'W) 
with a satellite tag monitored by Service ARGOS. This whale was visually 
identified (confirmed by photos of dorsal marks and fluke shape) as the asso- 
ciate of Whale H during the latter's tagging the previous day. At Whale A's 
tagging, the two whales again were within 10 m of each other during an 
extended surfacing. The whales continued at the surface together after tagging, 
and signals were received from the tags on both whales. They remained within 
10 m of each other and swam slowly for the next 5 min before diving. They 
resurfaced together after 42 min (a normal dive for these whales, see below). 
The tag on Whale A was well placed on its back, but about 5 cm of the 
stainless steel tag body was visible. This provided good visual identification 
but likely contributed to decreased duration of attachment. 

Tracking-Whale N was tracked for 45 h 8 min from 1140 on 23 April 
until 0848 on 25 April 1993 for 167 km (Fig. 1). During tracking, the whale 
was kept normally at 45" from the ship's heading. Unless approached closer 
for daytime observation, distance to the whale was maintained at 1-2 km, 
confirmed by periodic triangulation of ADF signal directions, as well as day- 
light sighting. Whale N moved slowly northward over the first hours after 
tagging, returned southward along the 60-km coast of Dominica during the 
night, and traveled farther south across the Martinique Channel during the 
second day and night. Tracking was terminated 30 km west of Martinique in 
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Figure 1.  Ship track following Whale N (not whale track) with each surfacing 
plotted from 23 April 1993 at 1140 until 25 April at 0848. Triangles indicate sur- 
facings on 23rd, circles for 24th, and squares for 25th. Dates mark start of each day 
(23, 24, and 25 April). 

rough weather (increasing 7-8 Beaufort). After the end of tracking, during 
the ship’s subsequent passage toward the lee of Dominica, the last tag signals 
were received at 1130, 25 km from the last sighting, about 48 h after tagging. 

Whale H was tracked for 295 km over 4.6 d (111 h) from 1327 on 26 
April 1995 until 0430 on 1 May, until the end of the ship charter (Fig. 2). 
Tag signals were recorded continuously beginning at 1331, 4 min after tag- 
ging. Tracking was accomplished (differently than for Whale N) by maneu- 
vering the ship to triangulate on tag signals using ship positions and calibrated 
ADF receiver directions to locate the whale during surfacings. The whale 
remained west of Dominica during this period, the same area previously oc- 
cupied by Whale N during the first part of its track. 

Whale A was tracked by Service ARGOS for 21.5 d (515 h) from 0903 on 
27 April 1995 until 1432 on 19 May for at least 667 km (Fig. 3). Locations 
were sparse (none for days 9, 13, 14, 16, 18 and 21). The tagging location 
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Figtlre 2. Track of Whale H (not ship track) from triangulation of tag signals 
received by ADF during surfacings plotted from 26 April 1995 at 1327 (*) until 1 
May at 0430 (+). Start of each day (0000) during track marked by date. Day surfacings 
marked by circles and night surfacings by squares. 

for Whale A was within 4 km of the first ARGOS location 4 h after tagging. 
Locations for Whale A included 2 assessed by ARGOS as being of quality 
“1,” within 1 km. The rest were indicated as potentially less accurate with 15 
of quality “0” (>1 km) and 5 of quality “B” (>lo km, ARGOS classifications 
updated in 1994; see Davis et al. 1996, Watkins et al. 1996). For the first 12 
d of its track, Whale A remained west of Dominica, then like Whale N moved 
southward across the Martinique Channel. 

The first four days of the Whale A satellite track were concurrent with the 
radio track of its associate, Whale H, as the two moved about the area west 
of Dominica (Fig. 3). No attempt was made to track Whale A from the ship, 
although it was seen within 1 km of the ship and its tag signal was received 
periodically on board during the track of Whale H. Whale A was swimming 
beside Whale H at the latter‘s tagging on 26 April, and it was again swim- 
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Table 1. Sperm whale tracking and surfacing data. 

Whale H Whale A Whale N 
Tagging date 23 April 1993 26 April 1995 27 April 1995 
Tagging time 1140 1327 0903 
Tag 30-MHz radio 30-MHz radio Satellite 
Visible marker streamer Tag case 
Telemetry Time/depth, Temp Temp. batt 
Track duration 45 111 515 
Distance total 167 km 295 km 667 km 
Speed avg. (km/h) 3.5 2.6 Daily 1.3 
Residence Dominica 2 d  5 d  13 d 
Analyzed in detail 
% Total near surface 20.4% 22.6% 

45 h 8 rnin 53 h 12 min 

Whale N Whale H 
Day/Night compared Day Night Day Night 

Surface total (min) 337.23 214.67 475.33 245.55 
Surface avg. (min) 7.49 7.40 10.56 7.02 
Surface max (rnin) 43.49 10.46 27.20 25.80 
Dives (n) 45 31 45 35 
Dive avg. (n) 22.28 38.06 25.13 3 1.66 
Dive max (n ) 76 50 49 63 
% Time near surface 26.6% 14.9% 27.1% 17.1% 
Post-tag comparisons 
1st-d surfacings (n) 22 6 10 13 
1st-d surf. avg. (rnin) 6.94 7.64 14.04 8.46 
2nd-d surfacings (n) 11 8 10 8 
2nd-d surf. avg. (rnin) 7.26 7.01 10.26 6.02 

Surfacings (n) 45 29 45 35 

and by Whale H showed day and night speeds that reflected differences in 
the amount of time spent in extended suhcings (Fig. 4). At tagging, for 
example, Whale N had been involved in extended near-surface activities which 
continued over the next hours. Day and night speeds were significantly dif- 
ferent for Whale N (2-sample t-test of In-transformed data, see Methods, P 
= 0.007, df = 71) but not for Whale H (P = 0.99, df = 78). 

Whale N surfacings-Whale N was tracked for 45 h 8 min by consistent, 
high-level tag signals at 30-MHz (19-m wavelength not blocked by seas), so 
that it was unlikely that surfacings were missed. The surface/dive activity 
related to extended surfacings was evident from midday and during the after- 
noon, as were the predominance of 8-min surfacings and dives of around 40 
rnin, day and night (Fig. 5). 

Whale N had 74 surfacings measured by the elapsed time between first and 
last tag signals (also a surfacing with one signal at 1916 on 23 April), in- 
cluding 45 during the day (roughly 0600-1800) and 29 at night. The dis- 
tribution of the durations of these surfacings and intervening dives (Fig. 5, 
Table 1) indicated that day surfacings averaged 7.49 min (SD 7.29, median 
8.09) and night surfacings averaged 7.40 min (SD 1.81, median 7.80). Day/ 
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Figure 4. Speeds measured between final signals of successive surfacings. Speeds 
for Whale N and Whale H for both day and night portrayed by box plots. Median 
values represented by lines within box, and 25-75 percentile values (interquartile range 
called H-spread) represented by boxes. Whiskers represent data within 1.5 H-spread 
above and below interquartile value: lower fence = lower hinge - (1.5 H-spread), 
upper fence = upper hinge + (1.5 H-spread). Outside values (within 3 H-spread above 
and below) indicated by asterisks and those far outside by open circles. 

Figwe 5. For Whale N, duration of surfacings and intervening dives (submergences 
of 3 min or longer) plotted for 45-h, 8-min track relative to time of Occurrence and 
duration. Symbols differentiate day and night surfacings. 
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Whale N Day and Night Surface and Dive Durations (rnin) 
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Figwe 6. For Whale N, distribution of surface and dive durations plotted for day 
and night. See Figure 4 caption for explanation of box plot. 

night surfacing durations were significantly different (P = 0.035, df = 72). 
The longest day surfacing (signal intervals less than 3 min) was 43.49 min, 
and the longest at night was 10.46 min. Differences in the number and du- 
ration of surfacings between day and night reflected the whale's extended 
surfacing behavior on both the 23rd and 24th (Fig. 5) .  Most extended surfac- 
ings occurred in daylight, and nights were spent mostly in diving repeatedly 
with short intervening surfacings. 

Whale N made 45 dives during the day and 31 at night (Fig. 5 ,  Table 1). 
The 76.36-min dive on the 23rd at 1741 was the longest during the day, and 
the longest at night was 50.36 min. This long daytime dive was preceded by 
extended surface activity, a short 4.96-min submersion, and then a surfacing 
of only 2.36 min. The surfacing after this dive was 8.18 min followed by a 
brief 9.63-min dive. The ship was within 1-2 km, the water was calm, and 
observers were attentive, so it was not likely that surfacings were missed. 

Dives by Whale N during the day (Fig. 6) averaged 22.28 min (SD 19.97, 
median 11.31), and night dives averaged 38.06 min (SD 11.02, median 
41.06). The dayhight differences in dive durations also were significant sta- 
tistically ( P  = 4.45E-06, df = 74). 

Time spent at the surface by Whale N totaled 551.9 min during its track 
of 2,708 min, 20.4% of the tracking period. During the 1,268 min of day- 
light, Whale N was near the surface for 337.23 min, 26.6% of the time. 
During the 1,440 min of darkness, it was near the surface for 214.67 min, 
14.9% of the time (Table 1). Near-surface activity included sporadic submer- 
gences of less than 3 min each. 

Whale H surfacings-Whale H was tracked for nearly 111 h with 158 
surfacings logged altogether (Fig. 7, 8). The first 80 surfacings representing 
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Figure 7. First part (53 h, 12 min, nearly half) of track for Whale H plotted 
showing surfacings and intervening dives (submergences of 3 min or longer). Symbols 
differentiate day and night surfacings. This first part of track from 26 April 1995 at 
1327 until 1843 on 28 April similar in many respects to track of Whale N (Fig. 4). 

nearly the first half of the Whale H track, from 1327 on 26 April until 1843 
on 28 April 1995, are plotted separately in Figure 7 to allow convenient 
comparison with the track of similar duration by Whale N (Fig. 5). 

During the period from 1331 on 26 April until 1843 on 28 April 1995 
the behavior of Whale H was generally similar to that of Whale N with 
roughly equivalent activities, number of surfacings, and track durations (Fig. 
7). This included 80 surfacings by Whale H, 45 during the day (roughly 
between 0600 and 1800) and 35 at night. The distribution of the durations 
of these surfacings and intervening dives (Fig. 9,  Table 1)  indicate that day 
surfacings averaged 10.56 min (SD 6.68, median 8.90). Night surfacings av- 
eraged 7.02 min (SD 4.10, median 6.12). The day/night differences in surface 
durations were significant statistically (P  = 0.023, df = 78). The longest 
daytime surfacing was 27.2 min, and the longest at night was 25.8 min, 
indicative of some extended surface activity at night as well. 

There were 45 dives by Whale H during the day and 36 at night. Daytime 
dives (Fig. 9, Table 1) averaged 25.13 min (SD 14.40, median 23.22), and 
nighttime dives averaged 31.66 min (SD 14.57, median 38.39). The day/night 
differences in dive duration also were significant statistically ( P  = 0.035, df 
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Figure 8. Last part of track for Whale H plotted showing surfacings and interven- 
ing dives (submergences of 3 min or longer) from 1843 on 28 April 1995 until 0430 
on 1 May. Symbols differentiate day and night surfacings. Surfacings with few signals 
plotted as “0” duration. Dives whose durations were derived from time/depth telemetry 
data identified as solid triangles. 

= 79). The longest daytime dive during the first part of the track was 49 
min, and the longest at night was 63 min. 

Whale H was at the surface for 720.88 min, 22.6% of the total of 3,192 
min during this first part of the track. During the 1,752 min of daylight, 
Whale H was near the surface for 475.33 min, 27.1% of the time. During 
the 1,440 min of darkness, it was near the surface for 245.55 min, 17.1% of 
the time (Table 1). 

During the second part of the track (Fig. S), there was a change in the 
behavior of Whale H. During this period, the whale spent less time in ex- 
tended surfacings, there was little social interaction with other whales, dive 
sequences were more continuous, and dives often were interspersed with short 
surfacings, day and night. The tag appeared to be operating normally, and its 
orientation was inspected repeatedly during this period. However, during this 
second half of the track, the sea surface was markedly calmer, and whale res- 
piration and other near-surface whale activities were noted to be accomplished 
with less of the body exposed above water. The change in whale behavior, the 
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Figure 9. For Whale H, distribution of surface and dive durations plotted for day 
and night. See Figure 4 caption for explanation of box plot. 

effects of the calmer sea surface, and the lower position of the tag on Whale 
H combined to reduce noticeably the number of tag signals accompanying 
surfacings during the second half of the track. Many surfacings had only a few 
signals (sometimes one or two), plotted as “0” duration in Figure 8, although 
Whale H was seen during some of these surfacings for up to 10 min. When 
there were only a few signals, they coincided with final movements and fluke- 
up before a dive, usually identifying the end of a surfacing. During the shortest 
surfacings, Whale H appeared to be at the surface for as little as 3 min between 
dives (not confirmed by tag signals). In addition to the 78 surfacings that 
were logged and plotted from tag signals during the second half of the track, 
there were at least 15 surfacings in which the tag antenna was not exposed 
above water and no signals were transmitted. For ten dives duration was de- 
rived from the time/depth telemetry data, because surfacings after the dives 
were missing (Fig. 8, solid triangles). Dives during this period were potentially 
shorter than indicated in the Figure because the 3-10-min surfacing duration 
may not have been recorded due to the lack of precise tag data. Surfacings for 
the last half of the track (Fig. S), therefore, were not included in subsequent 
analyses. 

Post-tagging comparisons-To assess tagging effects on whale behavior, the 
whale’s activities immediately following tagging in approximately 6-h incre- 
ments during daylight (1 200-1800) and darkness (1 800-2400) were com- 
pared with the same time periods 24 h later. Duration of surfacings was 
considered to be a likely indicator of reaction that might not be immediately 
noted. However, no significant differences were found. Comparisons of visible 
surface behaviors before and after tagging also indicated no differences. 

Whale N had been involved in extended surfacing activity before tagging 
at 1140 on 23 April 1993. It continued these behaviors after tagging with 
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For Whale N, surfacings of first 6-h day and first 6-h night periods for 
23 April 1993 compared with same day and night periods of next day, 24 April. See 
Figure 4 caption for explanation of box plot. 

Figure 10. 

sporadic short surfacings between relatively short dives. During the first day- 
time period (Fig. 10, Table l), Whale N had 22 surfacings, averaging 6.94 
min (SD 9.76, median 3.59), and there were 11 day surfacings on the 24th, 
averaging 7.26 min (SD 4.64, median 9.26). There were 6 night surfacings 
on the 23rd, averaging 7.64 min (SD 1.10, median 8.09), and 8 night sur- 
facings on the 24th, averaging 7.01 min (SD 2.92, median 7.74). Differences 
between daytime sutfacings for the 23rd and 24th were not statistically sig- 
nificant (P  = 0.917, df = 31), and neither were differences in the night 
surfacings (P  = 0.411, df = 12). 

For Whale H, tagged at 1327 on 26 April 1995, there were 10 surfacings 
during the next 6 h of mostly daylight (Fig. 11, Table 1) averaging 14.04 
min (SD 5.31, median 16.05) and 10 surfacings during the same period on 
the 27th, averaging 10.26 min (SD 5.10, median 9.62). There were 13 sur- 
facings during the 6-h night period beginning on the 26th, averaging 8.46 
min (SD 5.98, median 6.13), and 8 surfacings during the equivalent period 
on the 27th, averaging 6.02 min (SD 3.17, median 6.47) (Fig. 11). Differences 
in the day surface durations for the 26th and 27th were not significant (P = 
0.124, df = 18), and neither were those for the night surfacing durations for 
these two days (P  = 0.242, df = 19). 

Delayed respiration-The whales did not always breathe immediately on sur- 
facing, even after long dives. Sometimes they were at the surface for a minute 
or more before the first blow was observed. We also occasionally saw whales 
remain for several minutes just below the surface before surfacing, with no 
bubble masses indicating underwater exhalations. Delays in surfacing after 
some dives tracked by acoustic tags also had been noted (Watkins et al. 1993). 
Such behavior has been difficult to follow, and so the radio-tagged whales were 
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Figure 11. 

monitored carefully to try to trace details of delayed respiration, if it occurred 
near enough to the surface to allow transmission of tag signals. 

One such instance of delayed breathing by Whale N was followed easily 
because the tag streamer allowed rapid visual identification of the whale down 
to a meter below the surface. The whale was seen clearly just before it surfaced 
and was observed as it surfaced and swam slowly with tag antenna exposed. 
The series of radio signals from Whale N are plotted in Figure 12, along with 
the concurrent sequence of blows observed during its surfacing at 071 1 on 24 
April 1993. With calm seas and the ship at 100-300 m from the whale, it 
was probable that every blow was seen and every tag signal recorded. The 
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previous dive by Whale N had been 47.3 min long, this surfacing lasted 8.3 
min, and the next dive was 44.6 min. After surfacing, signals were transmitted 
for a period of 1.5 min before the first blow. There were 31 blows during the 
last 6.8 min, followed by a fluke-up as the whale dove. Blows averaged 4.51 
min during the 6.8-min blowing period and 3.7lmin over the total surfacing. 
Each blow was accompanied by at least two signals, indicating antenna ex- 
posures of at least one full second during blows. There were variable numbers 
of tag signals between blows, depending on whale activity and antenna ex- 
posure above water, as well as changing respiration intervals. 

Tag telemetry-For Whale H, depthhime data and water temperatures were 
encoded in tag signals for dives deeper than 200 m. The dive telemetry con- 
firmed differences between near-surface submergences, such as during extended 
surfacings, and deeper diving activity, and i t  verified durations of deeper dives 
(such as those identified in Fig. 8). The temperature telemetry from this tag 
agreed with water temperatureldepth measurements made during the cruise 
(X-BT, Sippican T-7), ranging from 27°C at the surface to 7°C or less at 750 
m and deeper. 

For Whale A, the temperature telemetry relayed by ARGOS indicated tag 
temperatures that reflected the varying water temperatures encountered during 
dives, likely because of the protruding tag case. The battery voltage telemetry 
showed a drop of less than 2% during the 22-d ARGOS track. Consequently, 
it was probable that the satellite track ended because the tag on Whale A fell 
off prematurely due to its partial implant and not because of power failure. 

DISCUSSION 

I t  is important to emphasize that this paper deals with data from only three 
12-m sperm whales over just a few days. This size class has not been the focus 
of many previous sperm whale studies. Any differences in whale activity de- 
fined by the radio tag signals from those obtained by traditional daylight visual 
observations of previous studies are likely to be the result of the more instan- 
taneous, unequivocal identification of surfacings by the tag signals. Tag signals 
were often identified well before visual confirmation of the presence of the 
surfacing whale. 

New information clearly defined by these tag studies include the patterns 
of nighttime activity and at least one instance of delayed breathing. 

Whales N, H, and A were 12-m sperm whales occupying the same area 
west of Dominica as the two 12-m whales tagged in 1987 (Watkins and Tyack 
1991) and the 12-m and 15-m whales tagged in 1991 (Watkins e t  al. 1993). 
The 15-m whale was mature and the rest apparently maturing males. They 
all periodically joined or attempted to join different female groups for a few 
hours or days. At night, as well as during the day, all of these whales continued 
dives of 30 min or more interspersed with surfacings averaging 8 min, with 
occasional extended surfacings. 

Observations of delayed blowing after dives (Fig. 12) fits the data from the 
1991 acoustic tag tracking of this species (Watkins et al. 1993), in which the 
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duration of dives indicated by the telemetry was noted sometimes to be much 
shorter than that indicated by their visible surfacings. Those data showed that 
whales sometimes remained submerged for considerable periods after a dive, 
and the dive profiles occasionally indicated whales diving again for a short 
period before surfacing. 

The positive, immediate identification of tagged whales at each surfacing 
called attention to the delays in blowing that were often noted, most by only 
a few seconds. The tag signals showed the intermittent character of the surface 
behavior and helped identify blows. The tag data contributed to our concern 
that blows from individual untagged whales often were missed, especially the 
first few blows after surfacing. The precise timing of surfacings by the signals 
from the tagged whales highlighted our inability to follow the surfacings of 
individual untagged whales reliably. Without tag signals, identification of 
whales and their blows were repeatedly confused as whales surfaced and in- 
termittently submerged for short periods. 

Surfacing durations measured from the tag signals are in general agreement 
with published visual data for sperm whales ( i e , ,  7.7- and 9.8-min averages 
by Mullins et al. 1988, 6-11 min with close to an 8-min median by White- 
head et al. 1992, 7-9 min most frequent with 11.1-min average by Gordon 
and Steiner 1992). Visual observations have not always distinguished extended 
surfacings or sporadic short dives (3 min or longer), such as were accounted 
for in the tag-signal analyses here. Sperm whale surfacing durations from 
acoustic tag tracking (Watkins et al. 1993) were listed as longer than those 
from the radio-tagged whales analyzed here. However, surfacings from those 
underwater acoustic data included all near-surface activity, because the tag 
could not effectively monitor the whale within 200 m of the surface. The 
surfacing durations from radio-tag data analyzed here included both the period 
of tag antenna exposure above water and any variable short tag submergences 
of less than 3 min that occurred during this near-surface activity. Surfacing 
durations from the tag data appear to agree with surfacing periods noted 
during the visual observations noted above. 

The apparent die1 differences in surfacings and dives confirms the general 
observations by Lockyer (1977), although the longer dives in the present study 
were not confined to daytime. 

The 76-min dive of Whale N and the 63-min dive by whale H were 
somewhat similar to the 73-min dive of Whale 007 measured by an acoustic 
tag (Watkins et al. 1993). The dive by Whale 007 would have been lengthened 
by the duration of near-surface movements which could not be monitored by 
that tag, at both the beginning and end of the dive. The blow rates of 3.7 
over the full surfacing period and 4.5 blows/min for the portion after the first 
blow (Fig. 12) by the 12-m Whale N agree generally with blow rates described 
previously from visual observations ( ie . ,  for mature whales: 3.3 blows/min by 
Whitehead et al. 1992 and 3.1 by Gordon and Steiner 1992; for immature 
whales: 3.2 by Mullins et al. 1984 and 4.7 by Gordon and Steiner 1992). 

The previous use of the WHO1 satellite whale tag for a 45-d track of a fin 
whale (Balaenoptera phyalm) off Iceland also incorporated telemetry similar to 
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that of the Whale A tag (Watkins et al. 1996). In that instance, the tag was 
fully implanted and tag temperature followed body temperature. The Iceland 
whale tag also recorded considerable battery life remaining when the track 
ended, apparently due to  tag loss from loosening tissues, indicated by a sudden 
drop in tag temperature shortly before signal loss. The relative accuracy of the 
ARGOS positions during the first four days of the satellite track were con- 
firmed by on-board reception of tag signals, as well as sightings of Whale A 
when nearby. Therefore, much of the remaining track for Whale A was likely 
to have been of equivalent reliability. 

The lack of whale reaction to tagging is consistent with all previous uses 
of the WHOI tag on six species, including sperm whales (Watkins 1981; 
Wartzok et al. 1989; Watkins et ul. 1993, 1996). Those who witness tagging 
after chasing of most species of whales often have noted considerable whale 
reaction, but when ship maneuvering is reduced or eliminated, as in the tag- 
ging of the sperm whales in this study, there is no apparent period for accom- 
modation to the tag and there seem to be no changes in behavior. 

The use of careful tagging techniques with no chasing and only one quiet, 
slow approach by the ship to each whale ensured that the whales would ex- 
perience minimal disturbance. The long-wave-length frequency (30-MHd19- 
m) of the tag signals permitted reliable tracking at non-disturbing distances 
and positive reception of signals for every exposure of the tag antenna. The 
radio tag provided instant individual identification at surfacing, regardless of 
visibility, and allowed detailed measurement of whale surface activities. Track- 
ing was extended by the satellite tagging of an associate of the radio-tagged 
whale to provide continued information on movements after direct observa- 
tions had ended. Such studies emphasize the potential of these tools to  allow 
precise, quantifiable, intimate, extended observations of the activities of in- 
dividual whales and their associates for a better understanding of their behavior 
and social interactions. 
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