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Surfacing behaviour and dive characteristics were quantified from focal follows of individual blue whales
between January-March 2012 and 2013. During this period individual whales were followed from small boats
to observe their surfacing patterns and breathing behaviour. Data on time at first surface, length of surface
interval, number of blows, final dive time and whether or not the whale ‘fluked up’ before a deep dive were
recorded. A step-wise modelling approach was used to estimate a number of surfacing characteristics: mean
Inter-Breath Interval (IBI), bout duration and the number of surfacings in a bout. First, dives were classified as
either surface dives or deep dives based on the occurrence of arching or fluking behaviour at the surface
prior to a deep dive. The mean IBI of surface dives was 17.6 s (SD = 26.14) and for deep dives, 640.3 s
(SD = 214.38). To account for temporal dependence between dive types, a first-order Markov chain
was used to estimate the transition probability between dive types. Time series of dive types were then
simulated, using Monte Carlo methods, while accounting for heterogeneity in IBI of the different dive
types. The mean IBI of blue whales in Sri Lanka, obtained from the Monte Carlo methods, was 84.7 s
(SD = 11.17). The mean bout duration was 145 s (SD = 28.31), with the mean number of breaths per
surface bout being 9.3 (SD = 1.43). Whales also lifted their tail flukes out of the water on 55% of terminal
dives, which is considerably more frequent than elsewhere in the world. These results significantly
advance our understanding of blue whales in Sri Lankan waters. More specifically, this information is
essential for the calculation of precise abundance estimates as it informs the detection probability param-
eters for line transect surveys. In this way it will help formulate better management decisions related to the
conservation of this population.
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1. Introduction have been widely used to estimate abundances and population sizes

for various marine species (Forney et al., 1995; Marsh and Saalfeld,

Many wild animals are elusive or inhabit a hostile environment
making it difficult if not impossible to observe them as they undertake
critical activities such as feeding, breeding or escaping predators. Yet if
we are to understand the pressures on a population or species, we
need to be able to appropriately interpret the aspects of their lives
that we can observe. For air breathing marine vertebrates such as
whales, dolphins, seals, and turtles the need to breathe forces them to
return frequently to the surface where we can at times observe them
in their natural environment. Quantifying this behaviour provides a
powerful tool for interpreting different aspects of their life history and
also provides us with a means of increasing precision in any estimates
of abundance of populations.

The issue of surface visibility applies to a range of taxa whose abun-
dance is assessed through direct counts. Aerial and ship-board surveys
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1989; Rowat et al., 2009; Sims et al., 2005). The importance of collecting
surfacing and diving behaviour data to calculate availability correction
factors for increasing the precision of abundance estimates has been
highlighted through numerous studies (Heide-Jgrgensen et al., 2010a,
2010b, 2012; Sims et al., 2005; Thomson et al., 2012, 2013). Correction
factors account for the amount of time an animal is unavailable
or undetectable at the surface and allow for the adjustment of
otherwise negatively biased abundance estimates (Marsh and
Sinclair, 1989).

Diving duration and surfacing behaviour have been examined for
many of the great whales including fin whales Balaenoptera physalus
(Kopelman and Sadove, 1995), minke whales Balaenoptera acutorostrata
(Stern, 1992), grey whales Eschrichtius robustus (Harvey and Mate,
1984), bowhead whales Balaena mysticetus (Krutzikowsky and Mate,
2000; Wiirsig et al, 1984), humpback whales (Baird et al., 2000;
Gulesserian et al., 2011) and blue whales Balaenoptera musculus off
Monterey Bay, California (Lagerquist et al., 2000), using observations
of surfacing data or satellite derived data. Given the precarious state of
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many whale populations obtaining precise measurements of observable
behaviours is an essential step in improving our understanding of their
ecology. Studies of surfacing and diving habits also provide useful
information for management of these populations. This information is
critical for calculating detection probabilities, through precise estimates
of the proportion of time whales are visible at the surface (Dorsey et al.,
1989; Wiirsig et al,, 1984) and thereby adjusting shipboard and aerial
counts to provide accurate abundance estimates (Doi, 1974; Hiby and
Hammond, 1989).

Data for the calculation of these correction factors are generally
derived from tags deployed on individual animals. Tag-derived data
offers the opportunity to collect high resolution information on individ-
ual whales' diving behaviour continuously, over long periods of time
and distances, accounts for diurnal variation and in many cases reduces
the bias due to the presence of a research vessel in the vicinity. Despite
the disadvantage of having to recover archival tags to retrieve data, they
provide fine-scale information about critical sub-surface behaviours
such as foraging that cannot be collected through visual surveys
(Johnson and Tyack, 2003). The limitations associated with visually
collecting dive data such as the necessity for calm weather, good visibil-
ity, the fact that data collection is limited to daylight hours and the
short-term nature of the data sets likely biases correction factors as
has been shown in studies that compared tag data vs. visual data
(Harvey and Mate, 1984; Lagerquist et al., 2000).

Blue whales in the northern Indian Ocean are thought to be a
subgroup of the pygmy blue whales (B. musculus spp.). They possess a
different acoustic call (Alling and Payne, unpublished) and are five
metres shorter than their Antarctic counterparts (Mikhalev, 2000).
Unlike blue whales in other ocean basins, they do not undertake pole-
ward migrations to feed, but remain in low-latitude waters year-
round with a part of their population remaining resident in Sri Lankan
waters (Afsal et al., 2008; Alling et al., 1991; Branch et al., 2007; de
Vos et al., 2012; Ilangakoon, 2006). This population is at risk of ship
strike, as prime blue whale habitat lies adjacent to some of the most
heavily used shipping lanes in the world (Kaluza et al.,, 2010). Yet at
present, relatively little data is available on the ecology of blue whales
in Sri Lankan waters. The aim of this paper is to quantify the diving
and surfacing characteristics of this population of blue whales. While
we acknowledge that the use of telemetry is a necessary step to refine
the results provided through this study, it represents the first attempt
to quantify three important surfacing parameters which are essential
to any attempts to estimate abundance of this potentially isolated
population, and thereby assess its conservation status.

2. Methods and materials
2.1. Study site

The study site was located off the southern coast of Sri Lanka (Fig. 1).
Blue whales are regularly sighted in high numbers within these waters
with the Northeast monsoon from January to March providing ideal
conditions for observing and documenting blue whale behaviour.

2.2. Boat based surveys

Data on blue whale surfacing intervals and dive characteristics
were systematically recorded through focal follows conducted between
January-March 2012 and 2013 off southern Sri Lanka. In both seasons
dedicated research platforms were used for the surveys. Two observers
were seated 1-2 m above water level and scanned for blue whales. The
focal sampling technique used was adapted from Altmann (1974).

Once a whale was sighted the boat would attempt to approach the
whale. At a distance of 50 m, if the whale was travelling, the boat
would slow and turn to match the speed and direction of the whale.
If the whale was circling and displaying high turning rates typical of
feeding whales, the boat was positioned on the outer side of the circle
to ensure that the whale's behaviour remained undisturbed. Whenever
possible photo-identification images were taken of the individuals
being followed. Once photos had been taken, the boat was moved to
within 100 m of the whale. To minimise the possibility that some sur-
facings in a sequence would be missed, the boat was kept within
100 m of the whale and travelled at the same speed and in the same di-
rection as the surfacing whale. Effort was also made to locate the
‘footprint’ of the terminal dive in a surfacing sequence. The boat was
then manoeuvred on to the footprint and a GPS location taken. During
a focal follow the following data were gathered: number of
individuals, behaviour, time of first surfacing, time of each subsequent
blow and time of final blow measured to the nearest second, whether
or not the whale ‘fluked up’ before a deep dive and GPS location of
foot print.

To describe the diving and surfacing characteristics of blue whales
in Sri Lankan waters, it was necessary to first distinguish between differ-
ent dive types. Previous studies have shown that blue whale dives
can be separated into relatively shorter surface dives (IBI = 22.0s,
SD = 4.7) and relatively longer deep dives (IBI = 635.6s, SD =
405.4) (de Vos et al., 2011). A “fluke up’ dive constituted of the whale
lifting its tail flukes out of the water before a deep dive and a non-
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Fig. 1. Location of study site off southern Sri Lanka (black box).
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fluke up dive comprised of a ‘high arch’ dive where the whale arched its
back steeply before sinking below the surface prior or a ‘lazy fluke’
where the whale skimmed the surface of the water with its tail fluke
prior to the deep dive. Time series of Inter-Breath Intervals (IBI) were
estimated as the time between two surfacings in a focal follow. Based
on this, all dives preceded by a high arch, lazy fluke or fluke were
classified as deep dives and all other dives classified as surface dives.

A typical dive cycle of a blue whale is a series of surface dives follow-
ed by a deep dive. The time period between the first surfacing after a
deep dive and the last surfacing before the next deep dive was called a
surfacing bout. Based on this classification of dives, a number of metrics
were estimated to describe the diving and surfacing characteristics of
the blue whales during a follow: mean IBI, bout duration and number
of surfacings in a bout.

In the event that a whale watch boat (or multiple) was present
within 300 m of a surfacing whale, the research vessel would maintain
a distance of 300 m from the whale and only document fluking
behaviour. No other metrics were gathered during these encounters
due to the risk of missing surfacings in the presence of multiple boats.

2.3. Data analysis

To obtain unbiased estimates of mean IBI, both surface dives and
deep dives need to be recorded with the same probability. If the data
sampling is more likely to record one of the two dive types, this can
lead to the mean IBI estimates either being positively (if more deep
dives are recorded) or negatively (if more surface dives are recorded)
biased. While surface dives within a bout are relatively easy to record
from the same individual, the long duration of deep dives often makes
it hard to predict where and when the whale will surface after the
dive. When several whales are present in the same area (off Sri Lanka
at times up to ten individuals) the chances of confusing the focal
whale with another whale, and thus missing the surfacing time, is also
relatively high. As a result, many focal follows ended up constituting
only a single dive cycle, and some just a single surfacing bout.
To overcome this sampling bias when estimating mean IBI of the follow,
the temporal dependence between dive types within follows was
estimated, using a first-order Markov chain (Caswell, 2001; Guttorp,
1995). The time series data of dive types, one for each follow, were
first compiled into two-way contingency tables of preceding dive type
versus succeeding dive type (Christiansen et al., 2010; Lusseau, 2003)
using R (R Development Core Team, 2013). If a follow ended with a
high arch or a fluke (indicating the transition from a surfacing dive to
a deep dive), an additional transition from surfacing dives to deep
dives was added to the contingency table to reduce any sampling bias
from missing the longer deep dives. For the same reason, a transition
from deep dives to surfacing dives was also added, since a deep dive
was never observed directly following another deep dive in this dataset.
Transition probabilities from preceding to succeeding dive types were
then calculated using the following equation (Lusseau, 2003):

i
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where i is the preceding dive type, j is the succeeding dive type, n is
the total number of dive types (i.e. two), a;;is the number of transitions
observed from dive types i to j, and P; is the transition probability from
i toj in the Markov chain. To test whether or not the estimated contin-
gency table differed from a theoretical distribution, a goodness of fit test
was performed using Pearson's chi-squared test in R.

To estimate the surfacing metrics (mean IBI, bout duration and
number of surfacings in a bout), Monte Carlo methods were used to
simulate individual time series (follows) of dive types based on the
transition probability matrix obtained from the Markov model. The
methods are the same as those described in Christiansen et al. (in
press). 1000 simulations were run. First, an empty vector of dive types

was created in R, with each empty value representing a sampling unit
to which a dive type and duration (i.e. IBI), were randomly assigned.
The initial dive type was arbitrarily categorised as a surface dive. The
next dive type was then randomly chosen based on the transition prob-
ability matrix obtained from the Markov chain model. This procedure
was repeated for the entire vector. To account for the heterogeneity in
duration of dive types (i.e. the variation in IBI) a duration was assigned
to each dive type by randomly selecting with replacement an IBI from
the “distribution” of IBIs obtained from the raw data. Each dive assigned
as a surface dive was given a random IBI from the “distribution” of IBIs
classified as surface dives, while each dive assigned as a deep dive was
given a random IBI from the “distribution” of IBIs classified as deep
dives. After allocating dive types, and durations of dive types, the first
100 dives in the time series were removed as a burn-in period so that
each simulation began with a randomly chosen dive type. The time
series was then cut at an upper limit of 7 h, which represents the time
between the earliest (07:50:50) and latest (15:18:55) recordings in a
day, rounded to the nearest hour, to avoid extrapolation. From the
resulting time series, the mean IBI, bout duration and number of surfac-
ings per bout were estimated. This was done for each simulation, so that
a density distribution around each surfacing metric was obtained.

The frequency of fluking in relation to non-fluking (high arch or lazy
fluke dives) was estimated from the raw data. A chi-square test was
performed to observe if blue whales fluked up less in the presence of
whale watch boats (<300 m). We also tested if the duration of deep
dives differed when preceded by fluking behaviour compared to arching
behaviour using linear models in R.

All analyses were carried out on data from solitary individuals, to
avoid potential behavioural biases resulting from social interactions of
pairs/groups.

3. Results

Data were collected on 29 days during two field seasons between
January and March of 2012 and 2013. During this period a total of
2175 IBIs were recorded (surface dives = 2144, deep dives = 31)
from a total of 211 follows. The mean IBI of blue whales was 17.6 s
(SD = 26.14) during surface dives and 640.3 s (SD = 214.38) during
deep dives.

The transition probability between dive types, estimated from the
Markov chain, was significantly different from a theoretical distribution
(¥* = 33.79, df = 1, p < 0.0001). A blue whale performing a surface
dive had an 87.9% (1887 of 2146 transitions) probability of performing
another surface dive, and a 12.1% (259 of 2146 transitions) probability
of changing to a deep dive. Since two deep dives never succeeded
each other, the probability of changing from deep dive to surface dive
was 100% (259 of 259 transitions).

The mean IBI of blue whales in Sri Lankan waters obtained from
the Monte Carlo methods was 84.7 s (SD = 11.17) (Fig. 2), which is
equivalent to a respiration rate (number of surfacings/follow duration)
0f 0.72 breaths sec ™! (SD = 0.094). The mean bout duration was 145 s
(SD = 28.31), with the mean number of surfacings per bout being 9.3
(SD = 1.43) (Fig. 2).

55% (136 of 246) of all deep dives were preceded by fluking behav-
iour, with the remaining 42% being preceded by a high arch and 3%
being preceded by a lazy fluke. There was no significant difference in
the proportion of animals who fluked up in the presence of whale
watch boats compared to those who fluked up in the absence of
whale watch boats (x* = 3.32, df = 1, p > 0.05). There was also no
difference in the duration of deep dives following fluking behaviour com-
pared to non-fluking behaviour (F; ;9 = 0.021, P = 0.887), although the
sample size was quite small (n = 31 deep dives).

Mean IBI obtained from the model data was higher than that calcu-
lated using the raw data while mean bout duration and mean number of
breaths per surfacing bout were comparable between both techniques
(Table 1).
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Fig. 2. Density distributions of blue whale IBI, bout duration and number of surfacings per bout. The mean of each surface metric is indicated by the dashed vertical line. The density
distributions were derived from 1000 simulated follows, each representing a seven-hour long time series.

4. Discussion

The mean IBI of blue whales in Sri Lankan waters calculated using
the Monte Carlo methods, was 84.7 s (SD = 11.17). This is considerably
higher than if mean IBI was estimated directly from the raw data, which
gives an estimate of 26.5 s (SD = 82.19). This difference highlights the
importance of taking the temporal dependence between dive types into
consideration when estimating surface mean IBI, or else the resulting
mean IBI will be strongly negatively biased. The temporal dependence
was however less important when estimating the mean bout duration
and the number of surfacings within bouts. Our Monte Carlo estimate
of mean bout duration was 145 s (SD = 28.31) compared to 167 s
(SD = 68) when estimated directly from the raw data. The mean num-
ber of breaths per surfacing bout, estimated from the Monte Carlo
methods, was 9 (SD = 1.3) compared to 11 (SD = 3.7) when estimat-
ed directly from the raw data. That the main discrepancy was between
mean IBI and not bout duration or number of surfacings within bouts
makes sense given that the main sampling bias was on the probability
of recording deep dives and not surface dives within bouts.

Blue whales off southern Sri Lanka were seen breathing between 3
and 20 times (average 11) at the surface over a 29-421 s period. The
reason for the shortest surface time is unclear. Following this period at
the surface the whales would dive for an average of 640 s. In general,
this suggests that blue whales off Sri Lanka follow similar surfacing/
dive cycles to those in the North Atlantic where blue whales were
seen breathing at the surface 6-20 times over a 50-300 s period follow-
ed by dives that extended from 300 to 900 s (COSEWIC, 2002).

It is important to highlight however, that diving and surfacing
characteristics likely vary between foraging periods and travelling
periods, and diurnally (Klinowska, 1986; Lagerquist et al., 2000). In
the north Pacific, feeding dives averaged 9.8 min (SD = 2 min) with
surface recovery times ranging from 16 s to 6.7 min and a mean of 10 sur-
facings (SD = 3) (Goldbogen et al., 2011). Sims et al. (2005) predict that
basking shark abundance (Cetorhinus maximus) is over/underestimated
by at least ten-fold in the absence of bias reduction for habitat specific
Diel Vertical Migratory patterns. For turtles in Shark Bay, Western
Australia, correction factors were highly heterogeneous, and found to
vary between different diving behaviours and associated environmental

conditions highlighting the need to consider spatiotemporal variation in
diving when estimating abundance (Thomson et al., 2012, 2013).

Blue whales in Sri Lankan waters were observed ‘fluking up’ 55% of
the time. This contrasts with blue whales in the north Atlantic, where
fluking up is exhibited only by specific individuals and is observed
only 15-20% of the time (COSEWIC, 2002). Within Sri Lankan waters,
this behaviour was not individual specific and showed no obvious
pattern. [langakoon and Sathasivam (2012) state that the blue whales
on the south coast of Sri Lanka fluked up on “approximately 70%" of
the dives while dives without fluking were associated with hurried
behaviours resulting from disturbances caused by whale watching
boats. This implies that non-fluke up diving occurred 30% of the time
and only resulted from vessel related disturbances. We did not find
this to be the case in our study as non-fluke up dives occurred 45% of
the time and were not significantly associated with the presence of
other vessels within 300 m. A fluke up dive was always followed by a
deep dive but not necessarily one of longer duration. This suggests
that individuals were not diving deeper following a ‘fluke up’ dive as
is also supported by our model results.

Most methods of abundance estimation rely heavily on cue
counting. Knowledge of dive times is important to estimate the amount
of time a whale spends submerged and undetectable for counting as it
allows for more accurate abundance estimations. Not accounting for
the temporal dependence in dive types leads to an underestimation
of IBI, which subsequently leads to an underestimation of density and
ultimately abundance. In this study, the results obtained for the surfac-
ing and diving characteristics of blue whales off southern Sri Lanka are
comparable with those obtained for blue whales elsewhere in the
northern hemisphere. Besides its use in survey calibration, this data
can also be used to measure responses to potential threats, such as
vessel traffic and sound sources and to examine foraging behaviour in
relation to anthropogenic presence and presence of other species.

Surfacing characteristics and dive data gathered through visual
surveys have inherent shortcomings. The presence of the research
vessel in the vicinity of the whale may cause a bias in the data that
has not been accounted for through this study. Our data was collected
only during daylight hours and therefore does not account for diurnal var-
iations in behaviour, though population surveys are generally conducted

Table 1

Table comparing estimations of surfacing characteristics from raw vs. model data derived using the Monte Carlo method.
Surfacing characteristic Raw data Model

Min Max Mean SD n Mean SD

IBI (sec) 1 1326 265 82.19 2175 847 11.17
Bout duration (sec) 29 421 167 68 142 145 28.31
Surfacings per bout 3 20 11 37 148 93 143
Duration of deep dive (sec) 137 1326 641 214 31 N/A N/A
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during daylight hours. The risk of missing surfacings, the inability to
collect data in the presence of multiple animals due to confusion between
the focal animal and others, the inability to collect data in the presence of
multiple vessels at close range that move unpredictably, the inability
to work in sea conditions exceeding Beaufort Sea State 3 (this is also
impacted by the height of the observer platform and therefore the vessel
being used), and the ability to collect surfacing data reliably over only one
cycle because the long duration of a deep dive makes it hard to predict
where and when a whale will surface are all acknowledged disadvan-
tages. The use of archival tags such as D-tags that collect sub-surface
and acoustic data from the whale and its surroundings (Johnson and
Tyack, 2003) would provide insight into the interactions between the
whales and anthropogenic influences such as high-intensity sounds and
vessel traffic and enable the calculation of more precise correction factors.
However, despite the short-comings associated with the visual tech-
niques described here, it is the first attempt to quantify these variables
for blue whales in Sri Lankan waters and provides a baseline from
which estimates of abundance can be conducted with considerably
increased precision, an important first step to informing conservation
and management of this unique population.

Acknowledgements

All research reported in this manuscript was conducted under a
Department of Wildlife Conservation, Sri Lanka permit (number WL/3/
2/1/18). The fieldwork was conducted using funds from the Ocean
Park Conservation Foundation, Hong Kong, a University of Western
Australia (UWA) Research Collaboration Award and a Duke University
Global Fellows' mini grant. The funding sources had no involvement
in any part of the data collection or manuscript preparation. AdV is
supported by a UWA Scholarship for International Research Fees
(SIRF) and a UWA Convocation Travel Award. The authors wish to
thank the following individuals for support in the field: Andrew
Willson, Archer Wong, Matthew Tam, Matthew Bowers, Jerry Moxley,
Rachel Sullivan-Lord, Salva Sanchez, Nihal, Udaya, Lahiru, Prabath and
Nuwan. The authors would also like to acknowledge two anonymous
reviewers for their valuable comments on this manuscript.[SS]

References

Afsal, V.V., Yousuf, K.S.S.M., Anoop, B., Anoop, AK., Kannan, P., Rajagopalan, M.,
Vivekanandan, E., 2008. A note on Cetacean distribution in the Indian EEZ and
contiguous seas during 2003-07. J. Cetacean Res. Manage. 10 (3), 209-215.

Alling, AK., Dorsey, E.M., Gordon, J.C.D., 1991. Blue whales (Balaenoptera musculus) off the
Northeast coast of Sri Lanka: distribution, feeding and individual identification. In:
Leatherwood, S., Donovan, G.P. (Eds.), Cetaceans and Cetacean Research in the
Indian Ocean Sanctuary: Marine Mammal Technical Report 3. United Nations
Environment Programme Oceans and Coastal Areas Programme Activity Centre,
Nairobi, pp. 247-258.

Altmann, J., 1974. Observational study of behavior: sampling methods. Behaviour 49 (3),
227-267.

Baird, RW., Ligon, A.D., Hooker, S.K.,, 2000. Sub-surface and Night-time Behaviour
of Humpback Whales Off Maui, Hawaii: A Preliminary Report. Hawaiian Islands
Humpback Whale National Marine Sanctuary, Kihei, HI.

Branch, T.A,, Stafford, K.M., Palacios, D.M., Allison, C., Bannister, ].L., Burton, C.L.K.,, Cabrera,
E., Carlson, CA.,, Vernazzani, B.G., Gill, P.C., Hucke-Gaete, R, Jenner, K.C.S., Jenner,
M.N.M.,, Matsuoka, K., Mikhalev, Y.A., Miyashita, T., Morrice, M.G., Nishiwaki, S.,
Sturrock, VJ., Tormosov, D., Anderson, R.C., Baker, A.N,, Best, P.B., Borsa, P., Brownell,
RL, Childerhouse, S., Findlay, K.P., Gerrodette, T., llangakoon, A.D., Joergensen, M.,
Kahn, B., Ljungblad, D.K., Maughan, B., McCauley, R.D., Mckay, S., Norris, T.F., Whale,
0., Rankin, S., Samaran, F., Thiele, D., Van Waerebeek, K., Warneke, R.M., Dolphin
Research Group, 2007. Past and present distribution, densities and movements of
blue whales Balaenoptera musculus in the Southern Hemisphere and northern Indian
Ocean. Mammal Rev. 37 (2), 116-175.

Caswell, H., 2001. Matrix Population Models. Sinauer Associates, Boston.

Christiansen, F., Lusseau, D., Stensland, E., Berggren, P., 2010. Effects of tourist boats on
the behaviour of Indo-Pacific bottlenose dolphins off the south coast of Zanzibar.
Endanger. Species Res. 11, 91-99.

Christiansen, F., Rasmussen, M.H., Lusseau, D., 2013. Inferring activity budgets in wild
animals to estimate the consequences of disturbances. Behav. Ecol. http://
dx.doi.org/10.1093/beheco/art086 (in press).

COSEWIC, 2002. COSEWIC Assessment and Update Status Report on the Blue Whale
Balaenoptera musculus in Canada. Committee on the Status of Endangered Wildlife
in Canada, Ottawa 1-32.

de Vos, A, Christiansen, F., Harcourt, R.G., Pattiaratchi, C.B., 2011. Submergence Times and
Abundance Estimation of Blue Whales off Sri Lanka. Report of the IWC conservation
committee SC/63/WW7.

de Vos, A, Clark, R, Johnson, C, Johnson, G., Kerr, I, Payne, R, Madsen, P.T., 2012.
Sightings and acoustic detections of cetaceans in the offshore waters of Sri Lanka:
March-June 2003. J. Cetacean Res. Manage. 12 (2), 185-193.

R Development Core Team, 2013. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna.

Doi, T., 1974. Further development of sighting theory on whales. In: Schevill, W.E. (Ed.),
The Whale Problem: A Status Report, Cambridge, Massachusetts, pp. 359-368.

Dorsey, E.M., Richardson, W.J., Wiirsig, B., 1989. Factors affecting surfacing, respiration,
and dive behaviour of bowhead whales, Balaena mysticetus, summering in the
Beaufort Sea. Can. J. Zool. 67 (7), 1801-1815.

Forney, KA., Barlow, J,, Carretta, J.V.,, 1995. The abundance of cetaceans in Californian
waters. Part II: aerial surveys in winter and spring of 1991 and 1992. US Fish. Bull.
93, 15-26.

Goldbogen, J.A., Calambokidis, ]., Oleson, E., Potvin, ., Pyenson, N.D., Schorr, G., Shadwick,
R.E., 2011. Mechanics, hydrodynamics and energetics of blue whale lunge feeding:
efficiency dependence on krill density. J. Exp. Biol. 214 (1), 131-146.

Gulesserian, M., Heller, G., Slip, D., Harcourt, R.,, 2011. Modelling the behaviour state
of humpback whales (Megaptera novaeangliae) in response to vessel presence off
Sydney, Australia. Endanger. Species Res. 15, 255-264.

Guttorp, P., 1995. Stochastic Modeling of Scientific Data. Chapman and Hall, London.

Harvey, T., Mate, B.R,, 1984. Dive characteristics and movements of radio-tagged gray
whales in San Ignacio Lagoon, Baja California Sur, Mexico. In: Jones, M.L.,, Swartz,
S.L, Leatherwood, S. (Eds.), The Gray Whale: Eschrichtius robustus. Academic Press,
Orlando, Florida, p. 600.

Heide-Jorgensen, M.P., Witting, K.L., Laidre, KL, Hansen, R.G., Rasmussen, M., 2010a. Fully
corrected estimates of common minke whale abundance in West Greenland in 2007.
J. Cetacean Res. Manage. 11 (2), 75-82.

Heide-Jorgensen, M.P., Laidre, K.L,, Burt, M.L, Borchers, D.L., Marques, T.A., Hansen, R.G.,
Rasmussen, M., Fossette, S., 2010b. Abundance of narwhals (Monodon monoceros)
on the hunting grounds in Greenland. J. Mammal. 91 (5), 1135-1151.

Heide-Jorgensen, M.P., Laidre, K.L, Hansen, R.G., Burt, M.L, Borchers, D.L, Hansén, J., Harding,
K., Rasmussen, M., Dietz, R, Teilmann, J., 2012. Rate of increase and current abundance
of humpback whales in West Greenland. ]. Cetacean Res. Manage. 12 (1), 1-14.

Hiby, AR., Hammond, P.S., 1989. Survey techniques for estimating abundance of
cetaceans. Report of the IWC Special Issue, 11, pp. 47-80.

Ilangakoon, A.D., 2006. Preliminary analysis of large whale strandings in Sri Lanka
1889-2004. Pak. ]. Oceanogr. 2 (2), 61-68.

Ilangakoon, A., Sathasivam, K., 2012. The need for taxonomic investigations on northern
Indian Ocean blue whales (Balaenoptera musculus): implications of year-round
occurrence off Sri Lanka and India. J. Cetacean Res. Manage. 12 (2), 195-202.

Johnson, M.P,, Tyack, P.L, 2003. A digital acoustic recording tag for measuring the
response of wild marine mammals to sound. IEEE J. Ocean. Eng. 28 (1), 3-12.

Kaluza, P., Kolzsch, A., Gastner, M.T,, Blasius, B., 2010. The complex network of global
cargo ship movements. J. R. Soc. Interface. 7 (48), 1093-1103.

Klinowska, M., 1986. Diurnal rhythms in Cetacea: a review. Reports of the International
Whaling Commission, 8 (Special Issue) 75-88.

Kopelman, A.H., Sadove, S.S., 1995. Ventilatory rate differences between surface-feeding
and non-surface-feeding fin whales (Balaenoptera physalus) in the waters off eastern
Long Island, New York, U.S.A., 1981-1987. Mar. Mamm. Sci. 11 (2), 200-208.

Krutzikowsky, G.K., Mate, B.R., 2000. Dive and surfacing characteristics of bowhead whales
(Balaena mysticetus) in the Beaufort and Chukchi seas. Can. J. Zool. 78 (7), 1182-1198.

Lagerquist, B.A., Stafford, K.M., Mate, B.R., 2000. Dive characteristics of satellite-monitored
blue whales (Balaenoptera musculus) off the central California coast. Mar. Mamm. Sci.
16 (2), 375-391.

Lusseau, D., 2003. Effects of tour boats on the behavior of bottlenose dolphins: using
Markov chains to model anthropogenic impacts. Conserv. Biol. 17, 1785-1793.

Marsh, H., Saalfeld, W.K., 1989. Aerial surveys of sea turtles in the northern Great Barrier-
Reef Marine Park. Wildl. Res. 16 (3), 239-249.

Marsh, H,, Sinclair, D.F., 1989. Correcting for visibility bias in strip transect aerial surveys
of aquatic fauna. J. Wildl. Manage. 53, 1017-1024.

Mikhalev, Y.A,, 2000. Whaling in the Arabian Sea by the whaling fleets Slava and
Sovetskaya Ukraina. In: Yablokov, A.V., Zemsky, V.A. (Eds.), Soviet Whaling Data
(1949-1979). Center for Russian Environmental Policy Marine Mammal Council,
Moscow, pp. 141-181.

Rowat, D., Gore, M., Meekan, M.G., Lawler, LR., Bradshaw, CJ.A., 2009. Aerial survey
as a tool to estimate whale shark abundance trends. J. Exp. Mar. Biol. Ecol. 368
(1), 1-8.

Sims, D.W., Southall, EJJ., Tarling, G.A., Metcalfe, ].D., 2005. Habitat-specific normal and
reverse diel vertical migration in the plankton-feeding basking shark. ]. Anim. Ecol.
74 (4), 755-761.

Stern, J.S., 1992. Surfacing rates and surfacing patterns of minke whales (Balaenoptera
acutorostrata) off Central California, and the probability of a whale surfacing within
visual range. Report of the IWC Conservation 42(SC/43/Mi2).

Thomson, J.A., Cooper, A.B., Burkholder, D.A,, Heithaus, M.R., Dill, LM., 2012. Heteroge-
neous patterns of availability for detection during visual surveys: spatiotemporal
variation in sea turtle dive-surfacing behaviour on a feeding ground. Methods Ecol.
Evol. 3 (2), 378-387.

Thomson, ].A., Cooper, A.B., Burkholder, D.A., Heithaus, M.R,, Dill, L.M., 2013. Correcting for
heterogeneous availability bias in surveys of long-diving marine turtles. Biol. Conserv.
165, 154-161.

Wiirsig, B., Dorsey, E.M., Fraker, M.A,, Payne, R.S,, Richardson, W.J., Wells, R.S., 1984. Behavior
of bowhead whales, Balaena Mysticetus, summering in the Beaufort Sea — surfacing,
respiration, and dive characteristics. Can. J. Zool. 62 (10), 1910-1921.


http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0005
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0005
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0010
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0010
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0010
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0010
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0010
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0010
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0015
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0015
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0020
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0020
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0020
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0025
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0025
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0025
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0030
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0035
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0035
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0035
http://dx.doi.org/10.1093/beheco/art086
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0040
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0040
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0040
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0190
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0190
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0190
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0045
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0045
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0155
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0155
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0050
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0050
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0055
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0055
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0055
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0060
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0060
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0060
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0065
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0065
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0070
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0070
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0070
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0075
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0080
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0080
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0080
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0080
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0085
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0085
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0085
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0090
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0090
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0095
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0095
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0195
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0195
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0110
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0110
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0105
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0105
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0105
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0115
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0115
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0120
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0120
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0200
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0200
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0125
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0125
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0125
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0130
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0130
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0135
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0135
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0135
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0140
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0140
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0145
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0145
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0150
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0150
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0205
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0205
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0205
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0205
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0160
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0160
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0160
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0165
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0165
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0165
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0210
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0210
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0210
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0170
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0170
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0170
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0170
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0175
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0175
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0175
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0180
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0180
http://refhub.elsevier.com/S0022-0981(13)00329-8/rf0180

	Surfacing characteristics and diving behaviour of blue whales in Sri Lankan waters
	1. Introduction
	2. Methods and materials
	2.1. Study site
	2.2. Boat based surveys
	2.3. Data analysis

	3. Results
	4. Discussion
	Acknowledgements
	References


